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The CO2 concentrating mechanism (CCM) endows C4 plants with high CO2 
assimilation rate and high light saturation which in turn leads to an agricultural and 
ecological importance that is disproportionately high relative to their small taxonomic 
representation. The CCM is achieved by a series of anatomical and biochemical 
adaptations which allow the collaborative operation of two photosynthetic cycles, C4 
and C3, across the outer mesophyll (MC) and inner bundle-sheath cells (BSC) to 
saturate Rubisco by CO2 in BSC. The BSC membrane is not completely impermeable 
to CO2, and some CO2 leaks out into the surrounding MC which increases the energetic 
cost of C4 photosynthesis. Therefore, leakiness (ϕ), defined as the rate of CO2 leakage 
out of BSC into the MC as a fraction of the rate of PEP carboxylation (Vp) is an 
important measure of CCM efficiency and coordination. Leakiness is determined by 
the bundle-sheath conductance and CO2 gradient between MC and BSC which in turn 
depends on PEPC and Rubisco activity. In addition, C4 photosynthesis has been 
traditionally grouped into three classical subtypes depending on the major C4 acid 
decarboxylase in the BSC: NADP malic enzyme (NADP-ME), NAD-malic enzyme 
(NAD-ME), and PEP carboxykinase (PEP-CK). Each subtype is distinguished by 
anatomical and biochemical features. 
 
Our understanding of the influence of C4 and C3 carboxylases activity on CCM 
coordination in different C4 subtypes is sketchy. Further, the relationship between in 
vivo and in vitro measures of C4 and C3 carboxylases in C4 photosynthesis is unclear. 
Temperature is a key environmental factor for the regulation of enzyme activity while 
light is the source of energy driving photosynthetic reactions. Consequently, both 
temperature and light can affect CCM coordination by various means. Accordingly, 
the overarching aim of this PhD project was to compare the CCM coordination of a 
diverse range of C4 grasses belonging to different biochemical subtypes (NADP-ME, 
PEP-CK, NAD-ME) under high temperature (warming) and low light (shade). This 
was achieved by addressing the following specific objectives: (i) investigate the effect 
of C4/C3 cycle carboxylase activity (in vivo and in vitro) on leakiness (ϕ); (ii) determine 
the relationship between in vivo and in vitro carboxylase activity; and (iii) study short- 
and long-term acclimation to temperature and shade in C4 grasses with different 
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biochemical subtypes. These objectives were accomplished in three difference 
experimental chapters. 
 
Chapter 2 aimed at elucidating the short-term thermal photosynthetic responses in C4 
grasses with different biochemical subtypes by comparing in vivo and in vitro 
measures of C4 and C3 cycle activity as well as the thermal sensitivity of CCM 
coordination as measured by leakiness (ϕ), and deriving constants for thermal 
dependency reflecting variations among C4 species and subtypes that can be 
incorporated in the C4 photosynthesis model. This experimental chapter demonstrated 
that thermal photosynthetic responses varied among the C4 grasses but not according 
to the C4 subtypes. Key results concluded that leakiness is unrelated to corresponding 
ratio of C4/C3 (in vivo and in vitro) carboxylase activity. 
 
The aim of Chapter 3 was to investigate and compare the underlying mechanisms of 
high temperature acclimation and determine whether these responses influence 
biomass production and resource use efficiency in C4 grasses with different 
biochemical subtypes. This chapter concluded that stronger photosynthetic 
acclimation in NADP-ME species was underpinned by a higher reduction of C3 and 
C4 cycle activity as corroborated by in vivo and in vitro measures of C3 and C4 cycle 
enzymes. This was supported by a greater increase in total plant dry mass at high 
temperature for NAD-ME (6.2-fold) relative to NADP-ME (1.5-fold) and PEP-CK (1-
fold) counterparts. Warming increased photosynthetic nitrogen use efficiency (PNUE) 
to a greater extent in NAD-ME species (51%) relative to the other two subtypes (22-
29%) as a result of increased Rubisco activation. 
 
Chapter 4 aimed at elucidating the photosynthetic mechanisms, including changes in 
photosynthetic enzyme activities and activation and CCM coordination as measured 
by leakiness and quantum yield, which underlie acclimation to low light (16% 
sunlight) in C4 grasses with different biochemical subtypes. This study demonstrated 
that, low light (short-term) and shade (long-term) compromised CCM efficiency to a 
greater extent in NAD-ME and PEP-CK species relative to NADP-ME species. Shade 
induced larger photosynthetic down-regulation in NAD-ME relative to NADP-ME and 
PEP-CK species. Consequently, shade treatment reduced plant biomass to a greater 
extent in NAD-ME (95%) and PEP-CK (92%) relative to NADP-ME (81%) grasses. 
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In conclusion, the NADP-ME subtype was most efficient at low light, largely due to 
effective coordination of the C4 and C3 cycles. 
 
In conclusion, this project demonstrated that in vivo and in vitro measures of maximal 
C3 and C4 cycle carboxylases are not correlated to each other and do not correlate with 
leakiness (ϕ). In addition, this project established contrasting short-term responses to 
low light and high temperature of C4 photosynthesis. While increased leaf temperature 
enhanced CO2 assimilation rate (A) without affecting CCM coordination, low light 
reduced A and impaired CCM coordination in most of the C4 grasses. In the long term, 
C4 photosynthesis acclimated greatly to growth at high temperature in NADP-ME 
species, whereas NAD-ME species showed strong photosynthetic acclimation under 
shade. Finally, this project confirmed that NAD-ME species are favoured by growth 

















1.1 C3 photosynthesis 
Photosynthesis is a process by which sunlight powers the fixation of inorganic carbon 
into organic carbon using water. This anabolic process consists of two types of 
reactions viz. the light-dependent and light independent reactions. 
1.1.1 Light dependent reactions of photosynthesis 
The light dependent reactions of photosynthesis are composed of two linked 
photochemical systems, photosystems II (PSII) and I (PSI), located in the chloroplast 
thylakoid membranes (Figure 1.1A). When the light harvesting complexes absorb 
light, electrons in PSII and PSI reaction-centers are excited to a higher energy level 
and are trapped by the primary electron acceptors. The deficit of electrons in the special 
chlorophyll molecules is replenished by electrons extracted from water through a 
cluster of four Manganese ions in PSII along with the release of oxygen and protons 
within the granal lumen. PSII (P680) uses light energy to split water which releases 
oxygen and protons within the granal lumen, and electrons to reduce the small 
molecule plastoquinone (PQ) to plastoquinol (PQH2). Further, this cycle produces 
reduced plastocyanin (PC) in the lumen reciprocally pumping protons from the stroma 
into the lumen. Reduced PC donates electrons to the second photosystem, PSI (P700). 
When the electron reaches PSI, it fills the electron deficit of the reaction-center 
chlorophyll of PSI. The deficit is due to photo-excitation of electrons that are trapped 
in an electron acceptor molecule, ferredoxin, which is capable of reducing NADP+ to 
yield NADPH. The proton motive force (PMF) drives a flow of protons through a 
transmembrane enzyme complex, ATP synthase, generating ATP from ADP on the 
stromal side of the membrane. Evidence suggests that Q-cycle, cyclic 
photophosphorylation and Mehler reaction operate to balance the output of ATP and 
NADPH as required by the light independent reactions (Heber, 2002; Allen, 2003). 
1.1.2 Light independent reactions of photosynthesis 
The light-independent or dark reactions of C3 photosynthesis are also known as the 
Calvin cycle. The 3-carbon compound, 3-phosphoglycerate (3‐PGA), is the first 
product of Rubisco carboxylation reaction in the chloroplast stroma (Figure 1.1B). The 
C3 cycle is considered to have three stages; carboxylation, reduction and regeneration. 
In the first stage, carboxylation of ribulose-1, 5-bisphosphate (RuBP) is catalyzed by 
the rate-limiting enzyme Rubisco to synthesize two molecules of 3-PGA. In the 
6 
 
reductive stage, 3-PGA is reduced to produce glyceraldehyde-3-phosphate or triose 
phosphate (TP) by using ATP and NADPH. In the last regenerative stage, the triose 
phosphates are used to regenerate RuBP. TPs are also available for allocation to either 
starch biosynthesis within the chloroplast or transported to the cytosol for sucrose 
biosynthesis (Calvin, 1962). The C3 cycle fixes one CO2 molecule at the cost of 2 
NADPH and 3 ATP molecules. 
 
 
Figure 1.1: Light dependent and independent reactions of photosynthesis 
A. Light-dependent reactions of photosynthesis. PSI:  photosystem I, PSII: photosystem II, PQ: 
plastoquinone, cytb6f: cytochrome b6f, PC: plastocyanin. B. Light-independent reactions (C3 cycle) of 
photosynthesis. RuBP: ribulose- 1, 5-bisphosphate, PGA: phosphoglycerate. 
1.2 Photorespiration 
Rubisco evolved around 3.5 billion years ago in a CO2-rich environment that contained 
very little molecular oxygen (Badger et al., 2002; Tabita et al., 2008; Whitney et al., 
2011). A complexity of  multi-step process lead to side reactions that result in the 
formation of inhibitors, reducing the propensity of Rubisco catalysis (Andersson and 
Backlund, 2008). Furthermore, the electrostatic similarity between O2 and CO2 and 
their disproportionate atmospheric abundance (21% O2, 0.04% CO2) results in poor 
discrimination between the two molecules by Rubisco, resulting in the unwanted 
oxygenation (Figure 1.2) of RuBP and the production of one molecule of 3-PGA and 
one molecule of 2-phosphoglycolate (PG) (Whitney et al., 2011). In plants, PG is 
recycled back to 3-PGA via photorespiration, an energy-consuming process (e.g. ATP) 
that liberates fixed carbon as CO2 (Bauwe et al., 2012). Many environmental stresses 
reduce carboxylase activity. For instance, the solubility of CO2 decreases with rising 
temperature compared to O2 (Hall and Keys, 1983). Furthermore, carboxylation has 
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higher activation energy than oxygenation (Hall and Keys, 1983), thus favoring the 
Rubisco oxygenase activity. Similarly, drought stress causes stomatal closure, 
resulting in depletion of CO2 within the leaf. 
C3 plants compensate for Rubisco inefficiencies by investing high leaf nitrogen (N) in 
Rubsico to overcome slow catalysis and opening their stomata to increase intracellular 
CO2 (Ci), thus leading low nitrogen (NUE) and water use efficiency (WUE), 
respectively (Long, 1999; Ghannoum et al., 2011). 
 
 
Figure 1.2: Carboxylase and oxygenase activities of Rubisco 
The fate of RuBP catalysed by the carboxylase and the oxygenase activities of Rubisco. PGA: 3‐
phosphoglycerate, PG: phosphoglycolate, RuBP: ribulose- 1, 5-bisphosphate. 
 
1.3 C4 evolution 
1.3.1 Metabolic drivers 
Photorespiration reduces Rubisco performance at low CO2 and warm temperatures 
(Sage, 2001). To overcome photorespiration, evolving a Rubisco free of oxygenase 
activity also appears unlikely because the active site biochemistry is constrained by 
similarities in the oxygenase and carboxylase reactions (Gutteridge et al., 1984). One 
of the disadvantages of  Rubisco is it has a slow catalytic turnover rate, kcat (Andrews 
and Lorimer, 1978). In the absence of further improvement in Rubisco kinetics, the 
other solution to the photorespiration problem is to enhance the stromal concentration 
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of CO2 or to reduce [O2]. Reducing [O2] is unlikely due to unfavourable energetics. 
Whereas, concentrating CO2 around Rubisco up to 1000 ppm would nearly eliminate  
Rubisco oxygenase activity (Sage, 2004). Throughout most of Earth’s history, RuBP 
oxygenation was negligible due to elevated [CO2] and low [O2] levels in the 
atmosphere (Figure 1.3). Only during the Carboniferous period (180-340 mya) and in 
the past 35 mya have atmospheric conditions favoured significant level of 
photorespiration (Cerling, 1999). 
 
 
Figure 1.3: Profiles of modelled atmospheric CO2 and O2 partial pressures 
Profiles of modelled atmospheric CO2 and O2 partial pressures (in mbar) and corresponding estimates 
of relative oxygenation potential for C3 photosynthesis (Sage, 2004). 
1.3.2 Ecological drivers for C4 evolution 
Hot and dry environments were considered as a major drivers of C4 evolution (Osmond 
et al., 1982; Hattersley, 1983), with low CO2 as a selection pressure (Cerling et al., 
1997). The disparity between the timing of C4 expansion and the appearance of low 
CO2 on earth (Pagani et al., 1999) led to a more recent view that C4 photosynthesis 
evolved in selected C3 taxa with suitable anatomical pre-adaptive traits to compensate 
for high rates of photorespiration and carbon deficiency in C3 plants (Sage, 
2004)(Sage, 2004)(Sage, 2004). Environmental factors such as aridity, low relative 
humidity and salinity are also important evolutionary drivers because they promote 
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stomatal closure and thus reduce intercellular CO2 level (Ci), imparting further CO2 
deficiency around Rubisco (Schulze and Hall, 1982; Sage and Sharkey, 1987).  
1.3.3 Evolution of C4 grasses 
About sixty percent of C4 species are grasses, dominating warm-climate grasslands 
and savannas (Heckathorn et al., 1999). Ecological distribution of C4 grasses is 
significantly favoured in open and warm environments, high light and wet summers 
(Ehleringer, 2005; Osborne and Freckleton, 2009). It has recently been proposed that 
the first C4 grasses evolved in response to a sudden early Oligocene decrease in 
atmospheric CO2, which would have favoured C4 photosynthesis. Alternatively, a shift 
to open, hence more arid habitats may have provided key selective pressure in the 
already warm-adapted grasses clade of the subfamilies Panicoideae, Arundinoideae, 
Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae (PACMAD) 
(Christin et al., 2008). Thus, the earliest C4 grasses will be found at latitudes where 
seasonal drying promoted the development of open vegetation during the 
exceptionally warm Eocene, conferring a competitive edge to grasses with C4 
photosynthesis even at elevated CO2 levels (Strömberg, 2011). The suitable anatomy 
for the evolution of the C4 syndrome explains the clustering of C4 origins in the 
PACMAD clade (Christin et al., 2013). So far, 22-24 independent origins have 
identified among C4 grasses (Grass Phylogeny Working, 2012). 
 
1.4 C4 photosynthesis 
1.4.1 C4 anatomy and biochemistry 
The CO2 concentrating mechanism (CCM) is a key characteristic of C4 photosynthesis. 
The CCM is achieved by a series of anatomical and biochemical adaptations which 
allows the operation of two photosynthetic cycles, C4 and C3, across the outer 
mesophyll (MC) and inner bundle-sheath cells (BSC) (Hatch, 1987; Dengler and 
Nelson, 1999). The classical Kranz leaf anatomy (Figure 1.4) of most terrestrial C4 
plants is a concentric circle structure of cells comprising an outer layer derived from 
MCs that are in direct contact with the intercellular airspaces, and an inner layer of 
BSC, which is positioned closer to the vascular tissue (Sage, 2004). Relative to C3 
plants, the BSCs of C4 plants are larger with modified cell walls and they contain large, 
numerous chloroplasts (Hattersley and Watson, 1992). The MC of C4 plants are similar 
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to C3 plants, but they are enlarged radially such that contact with the BSC is 
maximized. MC are rarely greater than 2 or 3 cells away from a BSC (Sage, 2004). An 
extensive network of plasmodesmata allows metabolites to diffuse freely between the 
two cell types. Biochemically, C4 photosynthesis utilizes phosphoenolpyruvate 
carboxylase (PEPC) for initial carbon fixation in MC which has a high Km for 
carboxylation (C4 cycle). In the BSC, the decarboxylase enzyme releases CO2 which 
was fixed by PEPC, thus saturating CO2 around Rubisco (for C3 cycle) (Kanai and 
Edwards, 1999). 
1.4.2 C4 photosynthesis pathway 
In C4 leaves, atmospheric CO2 enters through stomata and is first accessible to MC, 
where it is hydrated to HCO3
- by carbonic anhydrase (CA) and fixed into 4-C 
oxaloacetic acid (OAA) by PEPC in the MC. OAA is converted into malate or 
aspartate which are translocated to the BSC where they are subsequently 
decarboxylated either directly or after further modification, releasing CO2 to be fixed 
by Rubisco in the C3 cycle, while the remaining 3-C acid is returned to MC for the C4 
cycle. The BSC wall is relatively gas-tight and the C4 cycle is faster than the C3 cycle 
(von Caemmerer, 2000; von Caemmerer and Quick, 2000). Accordingly, CO2 is 
elevated in the BSC around Rubisco, suppressing photorespiration and enhancing CO2 
fixation. The BSC walls are not completely insulated to CO2, and some CO2 leaks out 
into the surrounding MC. 
The C4 MC developed high level of CA and PEPC for initial CO2 fixation in the 
cytoplasm, and pyruvate orthophosphate (Pi) dikinase (PPDK) in the chloroplasts for 
provision of PEP, the HCO3
- acceptor. In addition, some key photosynthetic enzymes 
in carbon metabolism of C3 photosynthesis are repressed in MC of C4 plants. This 
includes Rubisco and phosphoribulokinase of the Calvin cycle in MC chloroplasts, and 
enzymes of glycine decarboxylation in the photosynthetic carbon oxidation pathway 
in MC mitochondria (Kanai and Edwards, 1999). Such coordinated CCM 
consequently reduces photorespiration and results in more efficient use of water and 
nitrogen (Ghannoum et al., 2011)(Ghannoum, Evans & Caemmerer, 




Figure 1.4: A schematic diagram of the Kranz anatomy and C4 photosynthetic pathway 
A schematic diagram of the Kranz anatomy and C4 photosynthetic pathway showing the coupling of the 
C4 cycle that originates in the mesophyll, and the C3 cycle that originates with the fixation of CO2 by 
Rubisco in the bundle-sheath compartment. CA: carbonic anhydrase, PEP: phosphoenolpyruvate, 3C: 
three carbon compound, 4C: four carbon compound, PPDK: pyruvate orthophosphate (Pi) dikinase, C3- 
Calvin cycle, OAA: oxaloacetate. 
1.4.3 C4 subtypes 
C4 photosynthesis has been traditionally grouped into three classical subtypes based 
on differences in the enzymes of the decarboxylation step in BSCs. NADP malic 
enzyme (NADP-ME), NAD-malic enzyme (NAD-ME), and PEP carboxykinase (PEP-
CK). Each C4 type shows morphological differentiation in their arrangement of BSC 
chloroplasts and ultra-structure as well as further biochemical differences between MC 
and BSC, and in the method of transport of metabolites between the cells (Hatch and 
Osmond, 1976). Although, C4 plants have been traditionally classified into these 
subgroups, it is now becoming apparent that, in several cases, more than one 
decarboxylase operates at the same time. For example, in Urochloa panicoides PEP-
CK operates with NAD-ME (Burnell and Hatch, 1988)(Burnell & Hatch, 
1988)(Burnell & Hatch, 1988) and in maize and sugarcane PEP-CK coexists with 
NADP-ME (Wingler et al., 1999; Calsa and Figueira, 2007). A summary of key 







Table 1.1: Summary of key characteristic differences between the three “classical” C4 subtypes 
in grasses. 
1.4.3.1 NADP-malic enzyme (NADP-ME) 
In the NADP-ME C4 subtype, the OAA formed by PEPC in the cytoplasm, is 
transported to MC chloroplasts, where most of OAA is reduced to malate by NADP-
specific malate dehydrogenase and the remainder is converted to aspartate by aspartate 
aminotransferase (Figure 1.5). These acids are then exported from MC to BSC 
Characteristics NADP-ME NAD-ME PEP-CK 
Decarboxylation enzymes (Hatch, 
1987)(Hatch, 1987)(Hatch, 1987) 
NADP-ME NAD-ME PEP-CK 
Main C4 acid exported to BSC 
(Hatch, 1987)(Hatch, 
1987)(Hatch, 1987) 
Malate Aspartate Aspartate 
Main 3C acid returned to MC 
(Hatch, 1987)(Hatch, 
1987)(Hatch, 1987) 
Pyruvate Alanine Alanine/pyruvate 
Site of decarboxylation (Hatch, 
1987)(Hatch, 1987)(Hatch, 1987)  
Chloroplast Mitochondrion Cytosol 
Suberin lamella lining and BSC 
(Dengler and Nelson, 1999) 
Single BS layer 
with uneven 
outline and 
suberized wall  
Two BS layers and 
outer sheath with 
smooth outline 
without  suberized 
wall and numerous 
mitochondria 
Two BS layers, both 
with uneven outline 
and suberized wall 
and numerous 
mitochondria 
PSII activity in BSC (Hatch, 1987; 
Ghannoum et al., 2005) 
Nil - low Present Present  
Chloroplast position in the BSC 










Photosynthetic quantum yield 
(Pearcy and Ehleringer, 1984) 
High Medium High 
Abundance across rainfall 
gradient (Hattersley and Watson, 
1992) 
Higher rainfall Lower rainfall Even distribution 
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chloroplast, where malate is decarboxylated by NADP-malic enzyme to feed CO2 and 
reduced NADPH to C3 cycle. The other product of decarboxylation, pyruvate, is 
returned to MC chloroplast, where it is phosphorylated by PPDK to form PEP. 
Decarboxylation through the NADP-ME enzyme may also occur via aspartate being 
metabolized to malate in BSC by aspartate aminotransferase and malate 
dehydrogenase (Kanai and Edwards, 1999). 
 
Figure 1.5: NADP-ME subtype 
The major metabolites and decarboxylating enzyme in the NADP-ME subtype. Adapted from (Kanai 
and Edwards, 1999). Abbreviations: MAL, malate; PA, pyruvate; PEP, phosphoenolpyruvate; 3C: three 
carbon compound; 4C: four carbon compound; C3: Calvin cycle. 
 
Classical NADP-ME type species have a single parenchyma BSC (the Kranz BSC 
which is derived from pro-vascular tissue and, thus, lacks a mestome sheath, MS), with 
BSC chloroplasts in a centrifugal/peripheral position and thylakoid with reduced grana 
stacking, whereas, MC chloroplasts have well-developed grana. The very low level of 
PSII activity in BSC is often regarded as a general feature of the NADP-ME C4 subtype 
(Gutierrez et al., 1974; Kanai and Edwards, 1999; Ghannoum et al., 2011). 
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1.4.3.2 NAD-malic enzyme (NAD-ME) 
In this subtype, the main initial product of 14CO2-fixation is aspartate via aspartate 
aminotransferase in the MC cytoplasm. The aspartate is transported to BSC 
mitochondria, where it is deaminated by aspartate aminotransferase. The product OAA 
is reduced to malate by NAD-malate dehydrogenase and then the malate is 
decarboxylated by NAD-ME to feed CO2 to bundle sheath chloroplasts. Thus, BS 
mitochondria play a crucial role in this C4 subtype, as illustrated in Figure 1.6. The 
decarboxylation product, pyruvate, is converted to alanine, which is shuttled to the MC 
where it is used for re-synthesis of PEP; alanine aminotransferases in the cytoplasm of 
MC and BSC play a key role in this process. Bundle sheath chloroplasts of NAD-ME 
C4 species have thylakoid membranes with developed grana stacking. Both 
chloroplasts and mitochondria are located together in a centripetal position relative to 
the vascular bundle (Ohsugi and Murata, 1986; Hatch, 1987; Kanai and Edwards, 
1999). 
 
Figure 1.6: NAD-ME subtype 
The major metabolites and decarboxylating enzyme in the NAD-ME subtype. Adapted from (Kanai and 
Edwards, 1999). Abbreviations: ALA, alanine; ASP, aspartate; 3C: three carbon compound; 4C: four 
carbon compound; C3: Calvin cycle; PSII: photosystem II activity. 
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1.4.3.3 PEP carboxykinase (PEP-CK) 
In this subtype, aspartate is the main initial product of 14CO2-fixation through the high 
aspartate aminotransferase activity in the MC cytoplasm; some malate is formed in 
MC chloroplasts (Figure 1.7). Aspartate transported from MC cytoplasm to BSC is 
deaminated and decarboxylated by PEP-CK, whereas malate transported to BSC 
mitochondria is decarboxylated by NAD-ME resulting in both decarboxylases feeding 
CO2 to BSC chloroplasts. The NADH formed by NAD-ME is oxidized through the 
mitochondrial electron transport chain to produce ATP by oxidative phosphorylation. 
The ATP is exported to the cytoplasm where it is used for the PEP-CK reaction. Of 
the two decarboxylation products, pyruvate may return to MC chloroplasts through 
alanine, as noted in the NAD-ME type species. PEP is suggested to return directly to 
the MC cytoplasm, because only low activity of pyruvate kinase is detectable in BSC. 
 
 
Figure 1.7: PEP-CK subtype 
The major metabolites and decarboxylating enzyme in the PEP-CK subtype. Adapted from (Kanai and 
Edwards, 1999). Abbreviations: ALA, alanine; ASP, aspartate; PA: pyruvate; MAL: malate; 3C: three 
carbon compound; 4C: four carbon compound; C3: Calvin cycle; PSII: photosystem II activity. 
Bundle sheath chloroplasts of PEP-CK types have well-developed grana stacks. The 
chloroplasts are arranged evenly or in a centrifugal position in BSC of this C4 
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subgroup. PEP-CK in the bundle sheath cytoplasm is the main decarboxylation 
enzyme, but BSC mitochondria also possess appreciable activity of NAD-ME (Ohsugi 
and Murata, 1986; Hatch, 1987; Kanai and Edwards, 1999). 
 
1.5 CCM coordination and carbon isotope discrimination 
Although the structural and biochemical compartmentalization makes C4 
photosynthesis more complex, it is highly regulated (Leegood and Walker, 1999). This 
regulation is based on the close collaboration of two photosynthetic cycles (C3 and C4 
cycles) and two photosynthetic cell types (BSC and MC) (von Caemmerer, 2000). The 
BSC walls are not completely insulated to CO2, and some CO2 unavoidably leaks out 
into the surrounding MC. Therefore, CO2 leakiness (ϕ) defined as the rate of CO2 
leakage out of BSC into the MC as a fraction of the rate of PEP carboxylation (Vp) 
increases the ATP requirements per CO2 fixed during C4 photosynthesis (Farquhar, 
1983; Furbank et al., 1990). Hence, ϕ is an important measure of C4 photosynthetic 
efficiency and regulation (Farquhar, 1983; von Caemmerer and Furbank, 2003). 
Leakiness is determined by the bundle-sheath CO2 conductance and CO2 gradient 
between MC and BSC (von Caemmerer, 2000). Leakiness (ϕ) cannot be measured 
directly but being estimated using carbon isotope discrimination. Discrimination 
against 13CO2 occurs during diffusion of CO2 into the leaf, its conversion to 
bicarbonate and during carboxylation reactions catalysed by PEP carboxylase and 
Rubisco (Figure 1.8). Leakiness (ϕ) of the bundle sheath affects the extent to which 
Rubisco can discriminate. Theoretical considerations have shown that the ratio of 
intercellular to ambient CO2 (Ci/Ca) and ϕ are the two major factors influencing 
13C-
discrimination during C4 photosynthesis (Farquhar, 1983; von Caemmerer et al., 
2014). However, other factors also contribute to 13C-discrimination, such as the ratio 
of CO2 hydration to PEP carboxylation rate, and the amount of bicarbonate leakage 
from the bundle sheath (Farquhar, 1983; von Caemmerer et al., 2014). Farquhar (1983) 
provided a detailed theoretical relationship to gas exchange measurements and 
examined in detail the possible fractionations that contribute to carbon isotope 
discrimination (Δ) during C4 photosynthesis. This manuscript also provided a 
simplified formulation relating Δ to the ratio of intercellular to ambient CO2 partial 




The equation is a simplification of a more complex model used to calculate Δ 
(excluding boundary layer conductance, mesophyll conductance, and assuming CO2 
inside the BSC is much larger than in the MC). However, if the simplifying 
assumptions are violated, then changes in Δ cannot be directly attributed to ϕ. 
Recently, the ternary formulation to take into account the influence of transpiration on 
CO2 diffusion between the atmosphere and the intercellular air spaces was developed 





where, E denotes the transpiration rate and gt the total conductance to CO2 diffusion 
including boundary layer and stomatal conductance. The symbol a’ represents the 
combined fractionation factor through the leaf boundary layer and stomata. 
Concurrent measurements of CO2 assimilation and carbon isotope discrimination 
using tunable diode laser absorption spectroscopy (TDL) is one of the rapid, reliable 
and non-destructive methods for derivation of leakiness (Farquhar, 1983; von 
Caemmerer and Furbank, 2003; Barbour et al., 2007) and widely used to assess 
environmental response of C4 photosynthesis (Henderson et al., 1992; Cousins et al., 
2008; Kromdijk et al., 2008; Pengelly et al., 2010; Ubierna et al., 2013; Bellasio and 
Griffiths, 2014a; Sharwood et al., 2014). Leaf dry matter C isotope discrimination 
(∆DM) of the plant tissue is largely dependent on the extent to which the isotopic 
composition of the CO2 pool available to photosynthesis equilibrate with the 
atmospheric composition of CO2 (Farquhar et al., 1982). In earlier studies, ∆DM values 
were frequently used to estimate ϕ (Hattersley, 1982; Henderson et al., 1992; Bowman 
and Turner, 1993; Buchmann et al., 1996a; Kubásek et al., 2007a). However, leaf dry 
matter is more depleted in 13C compared to concurrent measurement, likely due to 
different time integration of the dry matter measurements compared to the gas 
exchange measurements and post-photosynthetic fractionations (von Caemmerer and 
Furbank, 2003; von Caemmerer et al., 2014). Short- and long-term environmental 
changes may perturb the coordination between C4 and C3 cycle by affecting the leaf 
biochemistry and anatomy (Henderson et al., 1992; Cousins et al., 2008; von 
Caemmerer et al., 2014). Questions have been raised whether the diverse CCM 
operating in C4 subtypes may lead to differences in photosynthetic capacity and 







Figure 1.8: Carbon isotope discrimination during C4 photosynthesis 
(A) Schematic representation of the main 13C discrimination events during C4 photosynthesis: 
Discrimination against 13C occurs first during diffusion of CO2 in air through the boundary layer with a 
discrimination factor, ab = 2.9‰) and stomata (a = 4.4‰) and during dissolution and diffusion through 
liquid in the cytoplasm (ai = 1.8‰). In the mesophyll cytosol, 13C discrimination occurs during the 
dissolution of CO2 in mesophyll (es = 1.1‰); hydration of HCO3- by CA (eb = -7.9‰ at 25 oC); 
carboxylation by Rubisco (b3 = 30‰); carboxylation by PEPC (b*4 = 2.2‰); leakage of CO2 out of BSC 
(s = 1.8) such that net fractionation is b4 = es + eb + b*4 (-5.7 at 25 oC). No further discrimination occurs 
due to the relatively gas tight bundle sheath wall, but some CO2 leaks out, which allows for some 
discrimination against 13C by Rubisco (b3 = 29‰). Discrimination during leakage is taken to be that 
during dissolution and diffusion of CO2 in liquid (s = 1.8‰). Fractionation during respiration (e) is 
variable (0–5‰) and photorespiratory fraction (f) ranges from 8–16‰. Ca, Cb, Ci, Cm, Cs are the CO2 
partial pressures in the ambient air, at the boundary layer, the intercellular airspaces and the mesophyll 
cytosol, and the bundle sheath, respectively. The process of discrimination has been summarized in the 
equations developed by (Farquhar, 1983). (B) Modelled photosynthetic carbon isotope discrimination 
as a function of the ratio of intracellular to ambient CO2 (Ci/Ca) for different ϕ value using simplified 




1.6 Environmental responses of C4 photosynthesis 
1.6.1 Temperature 
Short-term temperature 
Earlier studies compared short-term temperature responses between C3 and C4 
photosynthesis and C4 from different habitats or grown at different temperatures 
(Berry and Bjorkman, 1980; Sage and Kubien, 2007; Sage et al., 2010; Yamori et al., 
2013). It is well established that C4 plants profound responses to short-term increases 
in leaf temperature with higher optimum temperature (Topt) relative to their C3 
counterparts (Long and Woolhouse, 1978; Henning and Brown, 1986; Pittermann and 
Sage, 2000; Kubien et al., 2003; Kubien and Sage, 2004). Such profound response is 
attributed to thepresence of the CCM which elevates CO2 around Rubisco in the BSC 
and overcome the photorespiration imposed by elevated temperature. Further, Topt of 
C4 photosynthesis increases with warm growth environment and/or habitat (Björkman 
et al., 1972; Pearcy, 1977; Pearcy et al., 1977; Bowman and Turner, 1993; Kubien and 
Sage, 2004; Naidu and Long, 2004; Dwyer et al., 2007). It is well recognized that C4 
species exhibit higher rates of photosynthesis than C3 species at warmer than cooler 
conditions under high light (Berry and Bjorkman, 1980). At elevated temperature, 
warm temperature stimulates the Rubisco turnover rate such that Rubisco capacity 
becomes non-limiting; at cool temperatures by contrast; the turnover rate is 
comparatively sluggish, and given the relatively low enzyme content, Rubisco 
capacity is commonly limiting for photosynthesis, A (Long et al., 1975; Long, 1983; 
Sage, 2002; Kubien and Sage, 2004).  
 
High temperature acclimation 
In previous studies, phenomenological responses of photosynthesis to increased 
temperature are better studied relative to the underling mechanisms that control 
thermal acclimation in C4 photosynthesis (Way and Yamori, 2014). Most of the earlier 
thermal acclimation studies focused on acclimation at low temperature (Long et al., 
1975; Long and Woolhouse, 1978; Long, 1983; Naidu and Long, 2004). Growth at 
high temperature shifted the thermal optimum to warmer temperatures, but did not 
change the shape of the A/T curve (Pearcy and Harrison, 1974; Pearcy, 1977). In warm 
adapted C4 plants, warm-grown plants exhibited lower A at the cooler measurement 
temperatures than the cool-grown plants (Dwyer et al., 2007). This suggests that C4 
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species can show substantial thermal acclimation at high temperature. There are only 
a few studies providing mechanistic explanation for the acclimation of C4 
photosynthesis to warming. Pearcy (1977) reported that the shift in the initial slope of 
the A/T response in A. lentiformis with an increase in growth temperature was 
associated with reduced in vitro Rubisco activity and only a slight decline in in vitro 
PEP carboxylase activity. Similarly, high temperature acclimation in monocot and 
dicot C4 species reduced the amount of Rubisco content, carbonic anhydrase and leaf 
N (Dwyer et al., 2007). However, short-and long-term responses to high temperature 
are studied only for a few C4 species without considering possible different responses 
among C4 subtypes, particularly for phylogenetically related grasses. In addition, 
thermal sensitivity of CCM among C4 grasses and subtypes remained un-explored. 
1.6.2 Light 
Low light or shade limits production of ATP and NADPH, which might affect 
performance of C4 and C3 cycles and hence CCM coordination of C4 photosynthesis. 
A few studies investigating short-term light responses included a limited number of 
NADP-ME and NAD-ME species (Henderson et al., 1992; Cousins et al., 2008; 
Ubierna et al., 2011; Ubierna et al., 2013; Bellasio and Griffiths, 2014a). These studies 
reported more or less reduction in CCM efficiency based on leakiness measured by 
on-line C isotope discrimination (∆). Based on studies using a limited number of 
species, C4 photosynthesis is generally considered to be less plastic in response to 
shade acclimation due to complex biochemical and anatomical features relative to C3 
photosynthesis (Sage and McKown, 2006), although some studies found similar 
photosynthetic responses in C3 and C4 plants (Tazoe et al., 2006; Pengelly et al., 2010). 
Reduction in Rubisco activity and/or content is one of the main photosynthetic 
responses to shade acclimation thus allocating more N towards light harvest complexes 
(Hikosaka and Terashima, 1995; Walters, 2005). A number of shade-grown C4 species 
showed 10-54% reduction in Rubisco content or activity (Winter et al., 1982; Ward 
and Woolhouse, 1986a; Ward and Woolhouse, 1986b; Tazoe et al., 2006), with an 
average reduction of 29% (Sage and McKown, 2006). Such response to shade differed 
greatly between NADP-ME C4 species from different habitats (Ward and Woolhouse, 
1986a; Ward and Woolhouse, 1986b). Some studies investigated the response of CCM 
efficiency using carbon isotope discrimination (∆) to shade acclimation for a few 
species of NADP-ME subtype (Kromdijk et al., 2008; Kromdijk et al., 2010; Pengelly 
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et al., 2010; Ubierna et al., 2011; Bellasio and Griffiths, 2014a; Sharwood et al., 2014; 
Bellasio and Griffiths, 2014b) and dicot NAD-ME subtype (Tazoe et al., 2006; Tazoe 
et al., 2008). Most of these studies reported about a 7-9% increase in ∆, hence changes 
in CCM coordination. Only one study inferred CCM efficiency based on leaf dry 
matter C isotope composition (∆DM) in C4 grasses with different subtypes in response 
to shade (Buchmann et al., 1996a). 
Striking photochemical differences in BSC chloroplasts of the three C4 subtypes 
implicate differences in photosynthetic energy requirement and/or efficiency among 
C4 species (Edwards et al., 1976; Ghannoum et al., 2005). In spite of lower theoretical 
quantum requirement for PEP-CK than NAD-ME and NADP-ME species (von 
Caemmerer and Furbank, 1999; Kanai and Edwards, 1999; von Caemmerer and 
Furbank, 2003), PEP-CK and NAD-ME grasses showed a lower quantum yield for 
CO2 assimilation than NADP-ME species (Pearcy and Ehleringer, 1984). To date, 
acclimation responses of NAD-ME and PEP-CK species have been overlooked in 
previous studies. 
 
1.7 Gaps in the literature 
As discussed in the previous sections, the CCM endows C4 plants with high CO2 
assimilation rate and high light saturation, particularly in warm environments. 
However, C4 plants are biochemically diverse, and there is considerable diversity 
among the C4 subtypes in terms of anatomical and biochemical constituents of the 
CCM. Such diversity is associated with particular physiological traits among the C4 
subtypes. Despite the large number of studies conducted over the last three decades, 
there are still a number of gaps in our knowledge about the environmental responses 
of C4 grasses which may be related to the biochemical subtype. Only a few studies 
have considered the full spectrum of biochemical subtypes (including PEP-CK 
species) using phylogenetically related C4 grasses. 
 
Previous work has shown that CO2 assimilation of C4 plants responds profoundly to 
short-term increases in the leaf temperature. However, such thermal dependency is not 
incorporated into the C4 model (von Caemmerer, 2000; Boyd et al., 2015). Given the 
occurrence of significant diversity within C4 photosynthesis, differences in thermal 
photosynthetic responses among C4 grasses belonging to different biochemical 
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subtypes and phylogenetic lineages have not been explored. In addition, thermal 
sensitivity of photosynthesis in C4 grasses with different subtypes is not well 
understood. Furthermore, thermal dependency and relationship between in vivo and in 
vitro measures of C4 and C3 cycle carboxylases is not established for diverse C4 grasses 
(gaps addressed in Chapter 2) 
 
C4 photosynthesis evolved under high photorespiratory environments (depleted 
atmospheric CO2 and high temperature) to overcome the inefficiencies of their 
ancestral C3 photosynthetic pathway. However, most of the physiological comparisons 
of C4 grasses were undertaken under low temperature, which does not reflect the 
environment under which C4 grasses are favoured. A few published studies 
investigated the mechanisms underpinning acclimation to high temperature in C4 
species. However, these studies did not consider the phylogenetic and subtype 
diversity that exists among C4 grasses. Furthermore, the influence of thermal 
acclimation on the relationship between in vivo and in vitro measures of C4 and C3 
cycle carboxylases in C4 grasses and subtypes remained unanswered (gaps addressed 
in Chapters 3). 
 
Past studies revealed down-regulation of CCM function in response to short-term 
(NAD-ME and NADP-ME subtype) and long-term (NADP-ME) low-light conditions 
using a limited number of C4 species. However, these studies used a mix of monocots 
and dicots and did not consider the phylogenetic and subtype diversity that exists 
among C4 grasses, and overlooked quantum yield and dry matter C isotope 
discrimination as measures of CCM efficiency. In addition, influences of low-light 
acclimation on the relationship between in vivo and in vitro measures of C4 and C3 






1.8 Aims and objectives of this research 
The overall aim of this PhD project was to compare the regulation of C4 photosynthesis 
in a set of C4 grasses belonging to different biochemical subtypes (NADP-ME, PEP-
CK and NAD-ME) and the main grass C4 taxa under environmental conditions that 
may perturb the balance between the C4 and C3 cycles such as high temperature and 
low light. 
 
The specific objectives of Chapter 2 were to: 
(i) determine the thermal dependency of photosynthesis in C4 grasses with different 
biochemical subtypes; 
(ii) investigate the thermal sensitivity of CCM coordination as measured by 
leakiness (ϕ) in C4 grasses with different biochemical subtypes; and 
(iii) derive the thermal dependency for in vivo and in vitro measures of C4 and C3 
cycle carboxylases in C4 grasses with different biochemical subtypes. 
 
The specific objectives of Chapter 3 were to: 
(i) investigate the acclimation of photosynthesis at high temperature for C4 grasses 
with different biochemical subtypes; and 
(ii) determine the influence of thermal acclimation on the relationship between in 
vivo and in vitro measures of C4 and C3 cycle carboxylases in C4 grasses with 
different biochemical subtypes. 
 
The specific objectives of Chapter 4 were to: 
(i) investigate the low-light acclimation of photosynthesis in C4 grasses with 
different biochemical subtypes; 
(ii) determine the response of CCM coordination as measured by leakiness and 
quantum yield in response to short- and long-term exposure to low-light among 
C4 grasses with different biochemical subtypes; and 
(iii) determine the influence of low-light acclimation on the relationship between in 
vivo and in vitro measures of C4 and C3 cycle carboxylases in C4 grasses with 
different biochemical subtypes.  
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1.9 Format of the thesis 
Research undertaken during my PhD project is presented as a series of three 
experimental studies prepared for submission to peer-reviewed journals. There are five 
chapters in this thesis. In addition to three experimental chapters (Chapters 2, 3 and 4), 
there is an introductory literature review (Chapter 1) and a final synthesis and general 
discussion (Chapter 5) that contextualises the research, discusses key findings and 
outlines prospects for future research. 
 
Key manuscripts to be submitted from this PhD research within 2016: 
1. Short-term thermal photosynthetic responses are similar among C4 grasses with 
different biochemical subtypes. From Chapter 2; to be submitted to the journal 
of Plant, Cell and Environment. 
 
2. Temperature acclimation of CO2 concentrating mechanisms in C4 grasses with 
different biochemical subtypes. From Chapter 3; to be submitted to the journal 
of Journal of Experimental Botany. 
 
3. Shade compromises photosynthetic efficiency of C4 grasses. From Chapter 4; to 
be submitted to the journal of Plant Physiology. 
 












CHAPTER 2  
SHORT-TERM THERMAL PHOTOSYNTHETIC 
RESPONSES ARE SIMILAR AMONG C4 GRASSES 







The efficiency of CO2 concentrating mechanism (CCM) in C4 photosynthesis is 
determined by the balance between the C3 and C4 cycle activities. The C4 cycle is not 
uniform in all C4 plants, and can be grouped into three biochemical subtypes: NADP-
ME; PEP-CK and NAD-ME. This study compared the activity of the main C3 
(Rubisco) and C4 (PEPC) carboxylases as well as leaf gas exchange measured 
concurrently with carbon isotope discrimination in response to short-term temperature 
increases (18, 25, 34 and 40 oC) between representative species of the three 
biochemical subtypes in the main C4 grass clades.  
At 25oC, CO2 assimilation rates (A), stomatal conductance (gs), initial slope (IS) and 
CO2-saturated rate (CSR) of the A-Ci curve, photosynthetic carbon isotope 
discrimination (∆) and leakiness (ϕ) varied among the C4 species independently of the 
C4 subtype. Thermal dependencies of A, IS, CSR and Rubisco activity varied with 
species but not with subtypes. NAD-ME species had lower PEPC activity at all 
temperatures and a higher PEPC thermal sensitivity relative to other species. Between 
25 and 40oC, ∆ was unchanged but increased at 18oC for most C4 grasses. Leakiness 
ranged between 35% at 18oC and 10% at 40oC, but was poorly predicted by the 
improved Farquhar model at 18oC and in NAD-ME species. A weak relationship was 
found between IS and PEPC activity while a strong positive relationship was observed 
between IS and CSR. Interestingly, variations in ϕ with species and temperature (above 
25oC) did not correlate with in vivo (IS/CSR) or in vitro (PEPC/Rubisco) ratios of the 
key C4 and C3 cycle carboxylases. Future research should consider other biochemical 
and physical factors affecting bundle sheath leakiness. 
 






The CO2 concentrating mechanism (CCM) endows C4 plants with high CO2 
assimilation rate and high light saturation (von Caemmerer, 2000) which in turn lead 
to an agricultural and ecological importance that is disproportionately high relative to 
their small taxonomic representation (Ehleringer et al., 1997; Brown, 1999). The CCM 
is achieved by a series of anatomical and biochemical adaptations which allow the 
operation of two photosynthetic cycles, C4 and C3, across the outer mesophyll (MC) 
and inner bundle-sheath cells (BSC). During C4 photosynthesis, atmospheric CO2 is 
hydrated (HCO-3) and fixed into a 4-C acid, oxaloacetate (OAA) by 
phosphoenolpyruvate carboxylases (PEPC) in the MC. OAA is converted into malate 
or aspartate then translocated to the BSC where it is subsequently decarboxylated 
(directly or its derivate), releasing CO2 to be fixed by Rubisco in the C3 cycle, while 
the remaining 3-C acid is returned to the MC for the C4 cycle. The BSC wall is 
relatively gas-tight and the C4 cycle is faster than the C3 cycle. Accordingly, CO2 is 
elevated in the BSC around Rubisco, suppressing photorespiration and enhancing 
photosynthesis. The BSC walls are not completely gas impermeable, and some CO2 
leaks out into the surrounding MC. This leaked CO2 costs additional 2 ATP per CO2 
that are required for the phosphorylation of phosphoenolpyruvate (PEP) in the MC 
(Hatch, 1987). Leakiness (ϕ) is defined as the rate of CO2 leakage out of BSC into the 
MC as a fraction of the rate of PEP carboxylation (Vp). Hence, leakiness is determined 
by the BSC conductance to CO2 (gbs) as well as the CO2 gradient between the MC and 
BSC which depends on the balance between the activity of the C4 (e.g., PEPC) and C3 
(e.g., Rubisco) cycles (Farquhar, 1983; Caemmerer, 2000). 
Biochemical models of photosynthesis have played a major role in defining the path 
towards scientific understanding of photosynthetic carbon uptake, identifying the 
opportunities to improve photosynthesis and the role of photosynthesis in regulating 
the earth’s climate and biogeochemical systems (Farquhar et al., 2001; Bernacchi et 
al., 2013). According to the C4 photosynthesis model, the initial slope of A-Ci curve 
(IS) and CO2 saturated rate (CSR) depend on the maximal PEPC (Vpmax) and Rubisco 
(Vcmax) activity, respectively (von Caemmerer, 2000). Unlike for the C3 photosynthesis 
model, the current C4 photosynthesis model is not comprehensively parameterised for 
the thermal response of key carboxylation enzymes of the C4 and C3 cycles (PEPC and 
Rubisco). Recently, Boyd et al (2015) studied the in vitro temperature responses of 
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Rubisco carboxylation and oxygenation and PEPC carboxylation kinetics in Setaria 
viridis, a model C4 grass. However, relationship between in vivo and in vitro activities 
of PEPC and Rubsico enzymes in diverse C4 grasses remains unexplored. 
At high light, the gradient of CO2 concentration between MC and BSC is dependent 
on the relative capacities of PEPC and Rubisco, which in turn determines leakiness (ϕ) 
during C4 photosynthesis (von Caemmerer, 2000; von Caemmerer and Furbank, 2003). 
Accordingly, thermal responses of PEPC and Rubicsco activity are expected to 
influence the thermal response of the CO2 assimilation rate (A), the MC-BSC CO2 
gradient and ϕ. Intraspecific variation in the thermal response of Rubisco activity has 
been attributed to species’ habitat and photosynthetic type (Sage, 2002; Galmés et al., 
2005; Walker et al., 2013; Galmés et al., 2014; Perdomo et al., 2015). Temperature 
responses of in vitro and in vivo Rubisco activity have been reported for some C4 
species. For example, activation energy (Ea) of in vivo Vcmax was reported as 67.2 and 
116.7 kJ mol-1 for Zea mays (Massad et al., 2007) and Andropogon gerardii (Chen et 
al., 1994), respectively. Ea of in vitro Vcmax was reported as 78 kJ mol
-1 for S. viridis 
(Boyd et al., 2015). 
Temperature responses of PEPC activity has only been reported in limited studies for 
C4 and CAM species with Ea ranging between 60 to 94 kJ mol
-1 (Buchanan-Bollig et 
al., 1984; Wu and Wedding, 1987; Chen et al., 1994; Massad et al., 2007; Boyd et al., 
2015). A few studies reported inconsistent trends of Ea for Vpmax and Vcmax among C4 
species. In particular, Ea was higher for Vpmax than Vcmax in S. viridis (in vitro) and Z. 
mays (in vivo) (Massad et al., 2007; Boyd et al., 2015), while in vivo Ea was higher for 
Vcmax than Vpmax in A. gerardii (Chen et al., 1994). These reports suggest that there are 
differences in the thermal responses for Vcmax and Vpmax among the C4 species. 
Accordingly, this study tested whether the thermal responses of CO2 assimilation and 
ϕ will vary according to the biochemical subtype of the C4 grasses due to 
corresponding variations in thermal sensitivity of Vcmax and Vpmax (Hypothesis 1). 
C4 photosynthesis can be classified into three biochemical subtypes based on the 
primary C4 decarboxylase enzyme in BSC namely, NADP-ME, NAD-ME and PEP-
CK (Hatch, 1987). Each subtype is distinguished by anatomical and biochemical 
features (Gutierrez et al., 1974; Kanai and Edwards, 1999; Ghannoum et al., 2011). 
NADP-ME subtype achieves similar photosynthetic rates to NAD-ME and PEP-CK 
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subtype with lower leaf N due to faster Rubisco (Ghannoum et al., 2005; Pinto et al., 
2015). Short-term increases in leaf temperature led to increased O2 uptake for NAD-
ME species while it was unchanged for NADP-ME species (Siebke et al., 2003). This 
suggests that with increasing leaf temperature, some Rubisco sites will undergo 
oxygenation in NAD-ME and PEP-CK species due to high [O2] in BSC. Consequently, 
at high temperature, NADP-ME species will likely show a greater relative increase in 
Rubisco carboxylation, and hence, a greater relative increase in A and relatively lower 
ϕ than the other two C4 subtypes. Accordingly, thermal photosynthetic responses may 
vary according to the C4 subtype (Hypothesis 2). 
To test these hypotheses, the current study investigated the photosynthetic thermal 
responses in eight C4 grasses belonging to three biochemical subtypes and the major 
C4 grass clades. The study aimed at elucidating the thermal photosynthetic responses 
by comparing in vivo and in vitro activity measures of the C4 and C3 cycle carboxylases 
as well as the thermal sensitivity of CCM coordination as measured by leakiness, and 
at deriving constants for thermal dependency reflecting variations among C4 species 
and subtypes and that can be incorporated in the C4 photosynthesis model. In 
conclusion, thermal photosynthetic responses varied among the C4 species 
independently of the subtype, and reduced leakiness with temperature was unrelated 




2.2  Material and Methods 
2.2.1  Plant culture 
The experiment was conducted in a naturally lit glasshouse chamber (5 m3). Air 
temperature inside the glasshouse compartment was regulated by a temperature-
control system and day/night temperatures averaged 28/22°C. Relative humidity was 
monitored and ranged between 60-80% during the day. Seeds for grasses (Table 2.1) 
were obtained from AusPGRIS (Australian Plant Genetic Resources Information 
System, Australia). Seeds were sown in germination trays containing common 
germination mixture. Three-four week old seedlings were transplanted into the 
experimental pots (2L) containing Osmocote® Professional - Seed Raising & Cutting 
Mix (Scotts, Bella Vista, NWS, Australia). Nutrients were supplied through the 
addition of Osmocote® plus trace element all purpose (N:P:K = 19.4:1.6:5) (Scotts, 
Bella Vista, NWS, Australia) and periodic watering with soluble Aquasol (N:P:K = 
23.3:3.95:14) (Yates, Wetherill Park, NSW, Australia). There were eight pots per 
species. Pots were well-watered and rotated within glasshouse chamber regularly. 
2.2.2  Leaf gas exchange measurements 
Leaf gas exchange measurements were carried out using a portable open 
photosynthesis system (LI-6400XT, LI-COR, Lincoln, USA). Measurements were 
conducted between 10:00 and 14:00 about 7-8 weeks after transplanting on an 
attached, last fully expanded leaf (LFEL) on the main stem. During gas exchange 
measurements, plants were moved to another chamber where air temperature could be 
changed separately. Measurements were made at leaf temperatures of 18, 25, 34 and 
40 °C by using the internal heating system of the photosynthesis unit in conjunction 
with the glasshouse chamber heating system, whilst maintaining a relatively constant 
humidity inside the leaf chamber. Prior to measurements, each leaf was allowed to 
reach a steady state of CO2 uptake at ambient CO2 (400 μL L
-1) and photosynthetic 
photon flux density, PPFD of 1800 μmol m-2s-1. An initial spot measurement was taken 
at each of the four leaf temperatures, and this was followed by measuring the responses 
of CO2 assimilation rates (A) to step increases of intercellular CO2 (Ci) by raising the 
LI-6400XT leaf chamber [CO2] in 10 steps between 50 and 1500 μL L
-1. For dark 
respiration, light in the LI-6400XT leaf chamber was switched off for 20 min before 
measurements were made. There were 3-4 replicates per species. The initial slope (IS) 
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of each A-Ci curve was estimated by fitting a linear model to the initial linear data 
points at all leaf temperatures. CO2-saturated rate (CSR) of each A-Ci curve was 
estimated from saturated rate at all leaf temperatures. 
2.2.3  Photosynthetic carbon isotope discrimination and leakiness 
Bundle-sheath leakiness was determined by measuring real-time 13CO2/
12CO2 carbon 
isotope discrimination using a LI-COR attached to a tunable diode laser, TDL (model 
TGA100, Campbell Scientific, Inc., Logan, Utah, USA) using similar conditions as 
spot measurements. For estimation of TDL precision, we used δ13C values of Licor 
reference gas for Zea mays species. Repeated measurements of each working standard 
produced mean SDs of 0.32, 0.26, 0.26 and 0.19‰ for δ13C at 18, 25, 32 and 40 oC 
with an overall SD of 0.26 ‰. Photosynthetic carbon isotope discrimination (∆) was 





     (1) 
𝜉 =  
𝐶𝑒
𝐶𝑒−𝐶𝑜
      (2) 
where δe, δo, Ce and Co are the δ
13C (δ) and CO2 mol fraction (C) measured with the 
TDL of the air entering (e) and leaving (o) the leaf chamber, respectively, Leakiness 
(ϕ) was calculated using the model of Farquhar (1983) as modified by Pengelly et al 
(2010) and Pengelly et al (2012). The equation used is described briefly. 























    (3) 
where  is the photosynthetic carbon isotope discrimination measured by the TDL. 
The term t, which represents ternary effects of transpiration rate on the carbon isotope 
discrimination during CO2 assimilation, is defined as (Farquhar and Cernusak, 2012) 
: 
𝑡 =  
(1+𝑎′)𝐸
2𝑔𝑎𝑐
𝑡       (4) 
where E is the transpiration rate, gtac the total conductance to CO2 diffusion including 
boundary layer and stomatal conductance (von Caemmerer and Farquhar, 1981). 
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The combined fractionation factor through the leaf boundary layer and stomata is 




     (5) 
where Ca, Ci and Cls are the ambient, intercellular and leaf surface CO2 partial 
pressures, respectively; ab (2.9‰) is the fractionation occurring through diffusion in 
the boundary layer; s (1.8‰) is the fractionation during leakage of CO2 out of the 
bundle sheath; a (4.4‰) is the fractionation due to diffusion in air (Evans et al., 1986); 
ai is the fractionation factor associated with the dissolution of CO2 and diffusion 
through water. Here, we assume that s = ai. 
𝑏3









    (6) 
and 
𝑏4
′ = 𝑏4 − 𝑒
 0.5 𝑅𝑑
(𝐴+0.5𝑅𝑑)
      (7) 
where b3 is the fractionation by Rubisco (30‰); b4 is the combined fractionation of the 
conversion of CO2 to HCO3
- and PEP carboxylation (-5.74‰ at 25°C), f is the fraction 
associated with photorespiration; and Г* is the CO2 partial pressure where rate of 
photorespiratory CO2 release balances the rate of carboxylation and Cs is the CO2 
partial pressure in the BSC. The fractionation factor e associated with respiration was 
calculated from the difference between δ13C in the CO2 cylinder (-5.6‰) used during 
experiments and that in the atmosphere under growth conditions (-8‰) (Tazoe et al., 
2008). Error associated with this assumption is negligible (induced SD produced mean 
leakiness with SD of 0.0016 for respective δ13C of growth environment with SD 4)  
A and Rd denote the CO2 assimilation rate and day respiration, respectively; Rd was 
assumed to equal dark respiration. To minimize light inhibition of respiration, the leaf 
was exposed to darkness for 20 min before Rd was measured (Atkin et al., 1997). This 
study consider a mesophyll conductance (gm) = 1.78 µmol m
-2 s-1 bar-1 at 30 oC 
(Barbour et al., 2016). Temperature dependency of gm was accounted using Arrhenius 
function 𝑔𝑚 = 𝑔𝑚25𝑒
𝐸𝑎
𝑇k−298.15
298.15𝑅𝑇k   , where, TK is the leaf temperature in K, gm25 is the 
mesophyll conductance at 25 oC, and Ea = 40.6 kJ mol
-1 (activation energy for Z. mays) 




 = 0 (Pengelly et al., 2010; Pengelly et al., 2012; Ubierna et al., 2013; von 
Caemmerer et al., 2014).  
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2.2.4  Rubisco content and soluble protein determination 
Following gas exchange measurements, replicate leaf discs were rapidly frozen in 
liquid nitrogen then stored at -80°C until analysed. Each leaf disc was extracted in 0.8 
mL of ice-cold extraction buffer [50 mM EPPS-NaOH (pH 7.8), 5 mM DTT, 5 mM 
MgCl2, 1 mM EDTA, 10 l protease inhibitor cocktail (Sigma), 1% (w/v) polyvinyl 
polypyrrolidone] using a 2 mL Tenbroeck glass homogeniser kept on ice. The extract 
was centrifuged at 15,000 rpm for 1 min and the supernatant used for enzyme activity, 
Rubisco content and soluble protein assays. For Rubisco content, subsamples were 
activated in buffer [50 mM EPPS (pH 8.0), 10 mM MgCl2, 2 mM EDTA, 20 mM 
NaHCO3]. Rubisco content was estimated by the irreversible binding of [
14C]-CABP 
to the fully carbamylated enzyme (Sharwood et al., 2008). Extractable soluble proteins 
were measured using the Pierce Coomassie Plus (Bradford) protein assay kit (Thermo 
scientific, Rockford, USA). 
2.2.5  In vitro thermal response of Rubisco and PEPC activities 
The enzymatic assays were done for Rubisco and PEPC at 18, 25, 34 and 40 oC. To 
achieve the target temperatures, cuvettes with assay buffer were kept in incubators for 
20 min (18 oC), 10 min (25 oC), 10 min (34 oC) and 5 min (40 oC). The activities of 
the photosynthetic enzymes Rubisco and PEPC were measured spectrophotometrically 
as described previously (Ashton et al., 1990; Pengelly et al., 2010; Sharwood et al., 
2014). Briefly, Rubisco activity (in vitro Vcmax) was measured in assay buffer [50 mM 
EPPS-NaOH (pH 8), 10 mM MgCl2, 0.5 mM EDTA, 1 mM ATP, 5 mM 
phosphocreatine, 20 mM NaHCO3, 0.2 mM NADH, 50 U creatine phosphokinase, 0.2 
mg carbonic anhydrase, 50 U 3-phosphoglycerate kinase, 40 U glyceraldehyde-3-
phosphate dehydrogenase, 113 U triose-phosphate isomerase, 39 U glycerol-3-
phosphate dehydrogenase) and the reaction initiated by the addition of 22.2 mM 
ribulose-1, 5-bisphosphate (RuBP). PEPC activity (in vitro Vpmax) was measured in 
assay buffer [50 mM EPPS-NaOH (pH 8.0), 0.5 mM EDTA, 10 mM MgCl2, 0.2 mM 
NADH, 5 mM glucose-6-phosphate, 0.2 mM NADH, 1 mM NaHCO3, 1 U MDH after 
the addition of 4 mM PEP. Activity of Rubisco and PEPC was calculated by 
monitoring the decrease of NADH absorbance at 340 nm with a UV-VIS 
spectrophotometer (model 8453, Agilent Technologies Australia, Mulgrave, Victoria). 
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2.2.6  Temperature dependency 
The temperature response of A, CSR, IS, PEPC activity and Rubisco activity were 
fitted in the R-statistical program (R Core Team, 2015) using two different equations, 
as follows. A modified form of the Arrhenius was used to fit the temperature 
dependence which yields a peak function (Harley et al., 1992; Crous et al., 2013), and 
is given by the following equation: 












]    (8) 
where, Tk is the measurement temperature (either leaf or assay buffer) in K, Ea is the 
activation energy (kJ mol-1) and represents the expansion for the initial part of the 
temperature response curve, k25 is the parameter at 25
oC, Hd is the deactivation energy 
(units) and ∆S (units) is the entropy term which describes peak part of the curve. Hd 
and ∆S together describe the rate of decrease in the function above the optimum. R is 
the universal gas constant (8.317 J mol-1 K-1). To avoid over parameterization, the 
deactivation energy (Hd) of all parameters was set as a constant of 200 kJ mol
-1
 for 
model fitting as done in previous studies (Medlyn et al., 2002; Crous et al., 2013). 
In addition, temperature optimum and corresponding optimum parameter were derived 
by following (June et al., 2004) equation: 






     (9) 
where, T is the measurement temperature (either leaf or assay buffer) of parameter P 
in oC, Popt is the optimum parameter rate at the optimum temperature, Topt, Ω is the 
difference in temperature from Topt at which parameter falls to e
-1 (0.37) of its value at 
Topt. A smaller value of Ω means a narrower peak. This equation effectively assumes 
that the reversible processes are symmetrical around the optimum temperature. 
2.2.7  Statistical analyses 
Gas exchange measurements and enzyme activity measurements were performed on 
three to four replicates at each temperature. The coefficients derived by fitting equation 
8 and equation 9 for each parameter was used to test for differences between thermal 
response of species and subtypes. The effect of species was compared using linear 
model with type II ANOVA. The effect of subtype was compared using linear mixed 
effect model using lme4 package (Bates et al., 2013) in R (R Core Team, 2015b). 
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Significance tests were performed with type II ANOVA. Coefficient means were 




2.3.1 Leaf gas exchange parameters at 25 oC 
Leaf gas exchange parameters were measured at ambient CO2 and near saturating light 
intensity for all C4 grasses concurrently with stable carbon isotope discrimination. At 
25 oC, CO2 assimilation rates (A), stomatal conductance (gs), Ci/Ca, Rd, ∆ and ϕ varied 
significantly among the C4 species. P. coloratum had the lowest A and gs. Z. mays had 
the highest A and gs and the lowest ∆. Z. mays along with E. meyeriana had the highest 
Rd, while Z. mays along with P. maximum had the lowest ϕ. Photosynthetic carbon 
isotope discrimination (∆) and ϕ were highest in C. ciliaris, C. gayana and L. fusca 
relative to the C4 grasses. Only A varied with the C4 subtype (p < 0.05), with NAD-
ME species having lower A relative to NADP-ME and PEP-CK species (Figure 2.1, 
Table S2.1). 
The initial slope (IS) of the A-Ci curve and CO2 saturated rate (CSR) were estimated 
(Figure 2.2). At 25 oC, IS, CSR and IS/CSR varied significantly with species but not 
with subtypes. Z. mays and L. fusca showed higher IS and IS/CSR ratio compared to 
other C4 grasses. P. maximum had higher CSR relative to C. ciliaris, S. bicolor and E. 
meyeriana (Figure 2.3, Table S2.2). 
2.3.2 Rubisco and protein contents 
Rubisco content, Rubisco activation at 25 oC and protein content varied with species 
while Rubisco activation exhibited a subtype effect (Table S2.3). Among the C4 
grasses, Rubisco and protein content were higher in Z. mays and P. coloratum and 
lower in C. ciliaris, E. meyeriana and L fusca. Rubisco activation was higher in 
NADP-ME compared to PEP-CK counterparts, with E. meyeriana showing the lowest 
Rubisco activation among the C4 grasses. 
2.3.3 Rubisco and PEPC activities at 25 oC 
PEPC and Rubisco activities were measured on the same gas exchange leaves and four 
temperatures (Figure 2.4, Table S2.2). At 25 oC, PEPC activity was higher in S. 
bicolor, Z. mays and E. meyeriana while Rubisco activity was higher in S. bicolor and 
Z. mays relative to the other C4 grasses. Ratio of PEPC/Rubisco activity was highest 
in E. meyeriana and lowest in P. maximum, P. coloratum and L. fusca. NAD-ME 
species generally had lower PEPC and Rubisco activity and PEPC/Rubisco ratio 
relative to the other C4 subtypes. 
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2.3.4 Thermal responses of photosynthetic parameters 
The short-term thermal responses of A, IS, CSR, PEPC and Rubisco activities were 
well characterized by the modified Arrhenius and June et al. (2004) equations. 
Constants including activation energy (Ea), entropy factor (∆S), parameter at 25 
oC 
(k25), the optimum parameter (Popt) at the optimum temperature (Topt) and the width of 
curvature around Topt (Ω) were derived using the modified Arrhenius and June et al. 
(2004) equations (Eqn 8 and 9). 
There was no subtype effect for Ea, ∆S, k25, Popt at the optimum temperature (Topt) or 
Ω for A, IS, CSR and Rubisco activity (Table 2.2). For PEPC, optimum activity (Popt) 
and k25 were lowest in NAD-ME and highest in NADP-ME species, while Ea was 
lowest in PEP-CK and highest in NAD-ME species.  
For CO2 assimilation rate, Topt, Ea and Ω did not vary significantly among the C4 
species, with Z. mays tending to have low Topt. E. meyeriana had higher Popt of A 
relative to P. coloratum and C. gayana. Thermal response of CSR indicated that Topt, 
Popt, Ω and ∆S varied significantly among the C4 grasses. C. ciliaris had highest Popt, 
Topt and Ω of CSR. P. coloratum and P. maximum had the lowest Popt while Z. mays 
and P. coloratum had lowest Topt of CSR. For IS, C. ciliaris had significantly higher 
Topt, Popt and Ω while Ea of IS was highest in S. bicolor and lowest in Z. mays and C. 
gayana relative to the other C4 grasses.  
For Rubisco activity, Popt, Ea and k25 varied among the C4 species. S. bicolor and Z. 
mays had higher Popt of Rubisco relative to C. ciliaris and L. fusca. L fusca had higher 
Rubisco Ea relative to S. bicolor, while S. bicolor and Z. mays had higher Rubisco k25 
than C. ciliaris, E. meyeriana and L. fusca. All parameters describing the thermal 
response of PEPC activity varied significantly among the C4 grasses. Popt of PEPC was 
highest in S. bicolor and E. meyeriana, and lowest in P. maximum and L. fusa, while 
Topt of PEPC was highest in C. ciliaris and lowest in S. bicolor, Z. mays and L. fusca. 
Z. mays and P. coloratum had higher PEPC Ea than C. ciliaris, P. maximum and E. 
meyeriana. 
2.3.5 Photosynthetic carbon isotope discrimination and bundle sheath 
conductance 
Photosynthetic carbon isotope discrimination (∆) was unchanged between 25 and 40 
oC and increased significantly at 18 oC for most of the C4 grasses except in S. bicolor 
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and E. meyeriana where ∆ decreased at 18 oC (Figure 2.1 J-L Table S2.1). Overall, the 
NAD-ME subtype showed higher Δ as compared to NADP-ME and PEP-CK 
counterparts. Leakiness was higher at the two lowest temperatures (18 and 25 oC) 
relative to the two highest temperatures (34 and 40 oC) (Figure 2.1 U-X, Table 2.2). 
Interestingly, ϕ at 40 oC was similar among the C4 grasses. S. bicolor, P. maximum and 
E. meyeriana had lower ϕ relative to other C4 grasses at both 18 and 34 
oC. Generally, 
most leakiness values ranged between 35% at 18 oC and 10% at 40 oC (Figure 2.5). 
The improved Farquhar model (Equation 3) poorly predicted leakiness at 18 oC and 
for the NAD-ME species (Figure 2.5). 
2.3.6 Relationships among photosynthetic parameters 
In vivo estimates of CO2 assimilation rate (A), stomatal conductance (gs), CO2 
saturated rate (CSR), initial slope (IS) and leakiness (ϕ), and in vitro measurements of 
Rubisco and PEPC activities were used to assess how in vivo and in vitro 
photosynthetic parameters correlated with short-term changes in temperature.  
A weak relationship was found between IS and PEPC activity (r2 = 0.21), between 
CSR and Rubisco activity (r2 = 0.48), and between PEPC activity and Rubisco activity 
(r2 = 0.41) (Fig 2. 6 A-C) while a strong positive relationship between IS and CSR (r2 
= 0.72) and between A and gs (r
2 = 0.78) (Fig 2. 6 D-E). Interestingly, leakiness (ϕ) 
was neither correlated to the ratio of PEPC to Rubisco activities nor to the ratio of IS 






2.4.1 Thermal photosynthetic responses varied among the C4 grasses  
Although activation energy (Ea) varied for the key in vivo and in vitro measures of C3 
and C4 cycle carboxylases, Ea for CO2 assimilation (A) was similar for all C4 grasses. 
Estimated Ea for Rubisco (35 – 55 kJ mol
-1) and PEPC activities (38 – 62 kJ mol-1) are 
consistent with NADP-ME Flaveria species (Perdomo et al., 2015) and lower than 
those reported in a recent study using the NADP-ME grass species, Setaria viridis 
(Boyd et al., 2015). Ea for corresponding CSR (35-65 kJ mole
-1) and IS (27-66 kJ mol-
1) were comparable with in vivo Vcmax of C3 species (Ishii et al., 1977; Bernacchi et al., 
2001; Medlyn et al., 2002), and in vivo Vpmax of C4 species, Z. mays and Andropogon 
(60-77.9 kJ mol-1) (Chen et al., 1994; Walker et al., 2013). Differences among the C4 
grasses reported in the current study are in line with previously observed intraspecific 
variations in the thermal responses of Rubisco kinetic constants (Sage, 2002; Galmés 
et al., 2005; Walker et al., 2013; Galmés et al., 2014; Perdomo et al., 2015), as well as 
Ea for PEPC activity from different C4 and CAM species (Wu and Wedding, 1987; 
Chen et al., 1994; Massad et al., 2007; Boyd et al., 2015). The current study with eight 
C4 grasses from different C4 tribes and subtypes grown under common growth 
temperature suggests that C4 grasses differed for thermal response of PEPC activity. 
Further, inconsistent trends of Ea were observed for PEPC and Rubisco activity. In 
particular, Ea was higher for Rubisco than PEPC activity in C. ciliaris, C. gayana, E. 
meyeriana and L. fusca while it was lower for Rubisco than PEPC activity in S. bicolor, 
Z. mays, P. maximum and P. coloratum. However, such trend was not reflected in 
respective in vivo parameters i.e. CSR and IS. Such inconsistency for trends in Ea of 
PEPC and Rubisco activities was previously reported. Higher Ea for PEPC than 
Rubisco activity was reported for Z. mays (in vivo) (Massad et al., 2007) and S. viridis 
(in vitro) (Boyd et al., 2015), while higher Ea for Rubisco than PEPC activity was 
reported for A. gerardii (in vivo) (Chen et al., 1994). 
 
Unusually, thermal responses for PEPC activity differed among the C4 subtypes. For 
PEPC, optimum activity (Popt) and k25 were lowest in NAD-ME and highest in NADP-
ME species, while Ea was lowest in PEP-CK and highest in NAD-ME species. The 
variation of PEPC thermal responses according to the C4 subtype warrants further 
investigations of the thermal responses of PEPC kinetics in different C4 plants. 
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Interestingly, Topt for A and Rubisco activity was similar across the C4 grasses in the 
current study. Generally, variation in Topt is attributed to growth temperature or growth 
habitat in C3 and C4 species (Berry and Bjorkman, 1980; Sage et al., 2010; Yamori et 
al., 2013).  
2.4.2 Similar thermal photosynthetic responses among the C4 subtypes  
In the current study, leakiness was generally higher at the two low (18 and 25 oC) 
relative to the two high (34 and 40 oC) temperatures in all the C4 grasses. Further, 
PEPC/Rubisco activity ratio tended to increase at 18 oC relative to the higher 
temperatures in most of the species. This is in agreement with earlier reports that C4 
photosynthesis is sensitive to low temperature (Long, 1983; Sage et al., 2010; Yamori 
et al., 2013). The findings also indicate that Rubisco limitation at low temperature 
leads to a greater proportion of CO2 leakage out of the BSC (Kubien et al., 2003; 
Kubien and Sage, 2004). 
Hypothesis 2 predicted different thermal photosynthetic responses according to the C4 
subtype. This hypothesis was not supported in the current study and similar thermal 
responses for CO2 assimilation rates were observed between the C4 subtypes. 
Particularly, leakiness (ϕ) at 40 oC was similar for all the C4 grasses. These results 
suggest that CCM efficiency is similar among the C4 subtypes despite their 
biochemical and anatomical differences. This occurred despite the potential for 
increased oxygenation in NAD-ME and PEP-CK species with increases in temperature 
(Siebke et al., 2003), as a result of significant PSII activity in the BSC of these two 
subtypes (Edwards et al., 1976; Hatch and Osmond, 1976; Hatch, 1987; Ghannoum et 
al., 2005; Ghannoum et al., 2011). However, similar thermal responses of in vivo C3 
(CSR) and C4 (IS) carboxylase activities among the C4 subtypes indicates that the 
CCM efficiency was not solely balanced by biochemical factors, and other physical 
factors, such as mesophyll conductance (gm) and bundle sheath conductance (gbs) are 
also involved. Contribution of gm is unlikely because very little influence of gm on the 
carbon isotope discrimination (∆) has been predicted (von Caemmerer et al., 2014). It 
has been suggested that for NAD-ME species, the absence of suberin in BSC wall is 
counterbalanced by the greater cytosolic barrier for CO2 diffusion though centripetal 
arrangement of chloroplasts surrounded by mitochondria towards vascular bundle side 
of the BSC (von Caemmerer and Furbank, 2003). Little is known about the thermal 
dependence of CO2 diffusion from BSC to MC in C4 subtypes. 
41 
 
2.4.3 In vivo and in vitro photosynthetic parameters are not correlated 
In this study no correlation was observed between initial slope (IS) and PEPC activity 
while there was a weak correlation between CSR and Rubisco activity. Further, 
activation energy (Ea) was not correlated between the respective in vivo and in vitro 
parameters for PEPC and Rubisco activity. Such discrepancies could be attributed to 
the complex physiological limitations of in vivo temperature response and/or thermal 
responses contribution of enzyme kinetic properties. During in vitro measurements, 
enzymes were fully active with saturating substrate concentration. However, in vivo 
enzyme activation state and substrate availability may vary with short-term changes in 
leaf temperature and other growth conditions. Earlier studies reported reduced Rubisco 
activation state above the supra-optimal temperature (Crafts-Brandner and Salvucci, 
2002; Hendrickson et al., 2008). Besides Rubisco activity, CSR is determined by 
numerous limitations, including RuBP regeneration, PEP regeneration and Pi 
regeneration (von Caemmerer and Furbank, 1999; von Caemmerer, 2000). 
At low temperature, the limitations of in vivo PEPC activity is exacerbated by cold 
lability of pyruvate orthophosphate dikinase (PPDK) enzyme activity (Long, 1983; 
Leegood and Edwards, 1996). Mesophyll conductance (gm) and CA activity are also 
considered as limitations for PEPC activity among C4 species under short-term 
temperature changes (Boyd et al., 2015). Furthermore, according to the C4 model, the 
initial slope (IS) is determined by Vpmax which depends on PEPC activity and its kinetic 
properties (Kp) (von Caemmerer, 2000). Our findings suggest that temperature 
dependency of Kp is different to that of in vitro PEPC activity. Leakiness (ϕ) was 
neither correlated to the ratio of PEPC to Rubisco activities nor to the ratio of IS to 
CSR. This reinforces the outcomes of the modelling analysis in the current study and 
suggests that in response to short-term changes in leaf temperature, CCM efficiency 
was balanced by physical factors, such as BSC conductance, as well as enzyme activity 
and kinetic property. 
2.4.4 Wider implications for C4 modelling 
Modelling thermal effects at the leaf level is equally critical to predicting canopy-scale 
gas exchange as leaf temperature varies diurnally and seasonally (Harley and 
Baldocchi, 1995). Thermal sensitivities of parameters used by the C4 photosynthesis 
model are needed to accurately predict CO2 exchange in response to temperature. 
Findings from the current study demonstrated that, like C3 photosynthesis (Bernacchi 
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et al., 2001; Walker et al., 2013), in vivo and in vitro thermal responses of key 
photosynthetic parameters i.e. PEPC and Rubisco activities differ across C4 species. 
Hence, incorporation of thermal dependency based thermal responses of in vitro PEPC 
and Rubisco kinetics in C4 model may not accurately describe in vivo thermal 
responses for these key enzymes. Recently, Barbour et al (2016) developed a method 
for the estimation of gm in C4 species. Therefore, more work is needed to estimate 
thermal responses of in vivo kinetic parameters for PEPC and Rubisco activities and 
to account for the thermal responses of gm and CA in the current C4 photosynthesis 
model. Furthermore, there is a strong need to address the uncertainties in estimating 
thermal dependency of bundle sheath conductance (gbs). It is worth noting that BSC 
anatomy varies among the C4 species, hence, extra care should be taken for the 
selection of parameters for modelling of the crop productivity and identifying the 
opportunities to improve photosynthesis in a particular species. 
 
2.5 Conclusions 
Using eight C4 grasses from three main tribes and three biochemical subtypes, the 
current study demonstrated that thermal photosynthetic responses varied among the C4 
grasses but not according to the C4 subtypes. No correlation was observed between 
thermal responses for leakiness (ϕ) and corresponding in vivo and in vitro PEPC and 
Rubisco activities. To parameterise thermal response of C4 subtypes in the C4 model, 
this study highlighted the need to address thermal responses of in vitro kinetics of key 
parameters like PEPC and Rubisco activity, mesophyll conductance (gm) and bundle 




Table 2.1: C4 grasses used in the current study. 
 




















Table 2.2: Summary of thermal responses of photosynthetic parameters for eight C4 grasses. 
Coefficients are derived by fitting the modified Arrhenius (Eqn 8) and June et al. (2004) (Eqn 9) equations (see Methods for definitions). Values are means of 
3 replicates ± SE. Superscripts indicate the ranking (from lowest = a) of species within each single row derived using a multiple-comparison Tukey’s Post Hoc 
test. Values followed by the same letter are not significantly different at 5% level. P values show significance levels derived by fitting linear model for all the 
C4 species and linear mixed effect model for three C4 subtypes for each parameter. Significance levels are ns, not significant (p > 0.05); * p < 0.05; ** p < 0.01; 
*** p < 0.001. 
  
C. ciliaris S. bicolor Z. mays P. maximum C. gayana E. meyeriana P.coloratum L. fusca NADP-ME PEP-CK NAD-ME Species Subtype
E a 35 ± 1a 47 ± 12a 36 ± 2a 48 ± 7a 36 ± 7a 46 ± 6a 48 ± 4a 51 ± 12a 39 ± 4a 43 ± 4a 49 ± 4a ns ns
∆S 0.63 ± 0ab 0.65 ± 0.01ab0.66 ± 0 b 0.65 ± 0ab 0.64 ± 0.01ab 0.63 ± 0a 0.64 ± 0ab 0.64 ± 0.01ab 0.65 ± 0a 0.64 ± 0a 0.64 ± 0a * ns
k 25 26 ± 1ac 30 ± 1  c 36 ± 1   d 28 ± 1 bc 28 ± 1 bc 24 ± 1ab  21 ± 1a   25 ± 0ac 30 ± 2a 27 ± 1a 23 ± 1a *** 0.08
P opt 40 ± 1a c 42 ± 0 bc 43 ± 1 bc 41 ± 1a c 38 ± 1ab 46 ± 3  c 36 ± 1a  41 ± 0a c 42 ± 1a 41 ± 1a 38 ± 1a ** ns
T opt 41 ± 3a 39 ± 4a 33 ± 1a 35 ± 1a 37 ± 3a 43 ± 6a 39 ± 2a 38 ± 3a 38 ± 2a 38 ± 2a 38 ± 1a ns ns
Ω 25 ± 3a 24 ± 6 a 20 ± 2 a 18 ± 2a 23 ± 4a 22 ± 5a 20 ± 2a  19 ± 4a 23 ± 2a 21 ± 2a 20 ± 2a ns ns
E a 35 ± 1a 55 ± 2a 40 ± 2a 43 ± 7a 44 ± 5a 47 ± 7a 56 ± 4a 37 ± 1a 44 ± 3a 45 ± 3a 49 ± 5a * ns
∆S 0.63 ± 0a 0.64 ± 0a 0.65 ± 0ab 0.64 ± 0ab 0.65 ± 0.01ab 0.64 ± 0ab 0.66 ± 0 b 0.64 ± 0ab 0.64 ± 0a 0.65 ± 0a 0.66 ± 0.01a ** ns
k 25 31 ± 1a 29 ± 1a 33 ± 1a 28 ± 0a 34 ± 3a 32 ± 1a 34 ± 1a 31 ± 1a 31 ± 1a 31 ± 1a 33 ± 1a ns ns
P opt 51 ± 1  c 50 ± 1 bc 44 ± 1ac 40 ± 2a  45 ± 1ac 49 ± 2 bc 42 ± 1a  43 ± 2ab 48 ± 1a 45 ± 1a 42 ± 1a *** ns
T opt 42 ± 3 b 36 ± 0ab 32 ± 0a 36 ± 0ab 36 ± 1ab 36 ± 1ab 35 ± 0a 36 ± 1ab 37 ± 2a 36 ± 0a 35 ± 0a ** ns
Ω 26 ± 3  b 17 ± 0 a 17 ± 0a 21 ± 2ab 20 ± 2ab 19 ± 2 ab 18 ± 0ab 21 ± 1ab 20 ± 2a 20 ± 1a 19 ± 1a * ns
E a 41 ± 2ab 35 ± 5a 49 ± 5ab 37 ± 1ab 50 ± 4ab 40 ± 4ab 45 ± 3ab 55 ± 3 b 42 ± 3a 42 ± 3a 50 ± 3a * ns
∆S 0.63 ± 0a 0.63 ± 0a 0.64 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a 0.63 ± 0a ns ns
k 25 13 ± 2a 27 ± 3 b 27 ± 2 b 19 ± 1ab 21 ± 2ab 16 ± 1a 19 ± 1ab 17 ± 1a 23 ± 3a 19 ± 1a 18 ± 1a *** ns
P opt 24 ± 4a 47 ± 1b 49 ± 2b 37 ± 3ab 44 ± 3ab 30 ± 3ab 35 ± 6ab 39 ± 7a 40 ± 4a 37 ± 3a 37 ± 4a ** ns
T opt 42 ± 4a 45 ± 2a 39 ± 0a 47 ± 3a 44 ± 4a 46 ± 1a 42 ± 4a 44 ± 4a 42 ± 2a 46 ± 2a 43± 3a ns ns
Ω 23 ± 3a 28 ± 2a 20 ± 1a 29 ± 2a 23 ± 3a 27 ± 2a 22 ± 2a 22± 3a 24 ± 2a 26 ± 1a 22 ± 2a ns ns
p
CO2 assimilation 






















E a 46 ± 3ab 66 ± 7 b 30 ± 9a 27 ± 3a 48 ± 7ab 42 ± 6ab 43 ± 4ab 52 ± 5ab 50 ± 7a 39 ± 4a 46 ± 3a ** ns
∆S 0.62 ± 0.01a 0.62 ± 0a 0.65 ± 0.01a 0.64 ± 0a 0.64 ± 0.01a 0.63 ± 0.01a 0.65 ± 0.02a 0.65 ± 0.01a 0.63 ± 0.01a 0.64 ± 0a 0.65 ± 0.01a ns 0.06
k 25 0.35 ± 0.05ab 0.27 ± 0.04a  0.56 ± 0.01c 0.32 ± 0.02ab 0.43 ± 0.05ac 0.3 ± 0.02ab 0.32 ± 0.03ab 0.48 ± 0.02 bc 0.38 ± 0.05a 0.35 ± 0.03a 0.38 ± 0.04a ** ns
P opt 1.67 ± 0.68 b 0.9 ± 0.1ab 0.73 ± 0.01a 0.42 ± 0.03a 0.63 ± 0.03a 0.66 ± 0.11a 0.49 ± 0.04a 0.7 ± 0.08ab 1.03 ± 0.2a 0.57 ± 0.05a 0.58 ± 0.06a * ns
T opt 72 ± 14 b 48 ± 5ab 33 ± 2a 38 ± 2a 36 ± 2a 51 ± 8ab 40 ± 2a 34 ± 2a 49 ± 7a 42 ± 3a 38 ± 2a ** ns
Ω 39 ± 4 b 22 ± 3ab 20 ± 3a 28 ± 4ab 19 ± 2a 31 ± 5ab 22 ± 2ab 17 ± 0a 25 ± 3a 26 ± 3a 20 ± 2a * ns
E a 39 ± 1a 49 ± 9ab 61 ± 6b 38 ± 4a 45 ± 2ab 38 ± 1a 62 ± 4b 49 ± 1ab 49 ± 5ab 40 ± 2a 56 ± 3b ** 0.1
∆S 0.62 ± 0a    0.66 ± 0 e 0.65 ± 0de 0.63 ± 0ac  0.64 ± 0bcd 0.62 ± 0ab   0.64 ± 0.01bcd 0.64 ± 0cd 0.64 ± 0.01a 0.63 ± 0a 0.64 ± 0a *** ns
k 25 71 ± 6a   200 ± 14d 161 ± 10cd 44 ± 18a   81 ± 12ab  135 ± 11 bc 42 ± 3a   38 ± 7a   144 ± 20b 87 ± 15ab 40 ± 4a *** 0.07
P opt 197 ± 19 bcd 255 ± 23d 234 ± 18cd 70 ± 30a   138 ± 23ac 288 ± 33d 90 ± 10ab  61 ± 14a   229 ± 13b 165 ± 35ab 76 ± 10a *** 0.07
T opt 61 ± 5c 33 ± 1a  34 ± 1a  40 ± 1ab 40 ± 2ab 51 ± 3 bc 40 ± 3ab 37 ± 1a  43 ± 5a 43 ± 2a 39 ± 2a *** ns
Ω 36 ± 2c 17 ± 0 a 16 ± 1a 24 ± 3ab 21 ± 1a 30 ± 2 bc 18 ± 2a 19 ± 0a   23 ± 3a 25 ± 2a 19 ± 1a *** ns















Figure 2.1: Thermal response of leaf gas exchange and photosynthetic carbon isotope 
discrimination in C4 grasses.  
CO2 assimilation rate, A (A-C), stomatal conductance, gs (D-F), ratio of intercellular to ambient CO2, Ci/Ca, 
(G-I), photosynthetic carbon isotope discrimination, Δ (J-L) and leakiness, ϕ (M-O) as a function of leaf 
temperature for C4-NADP-ME (A, D, G, J, M); C4-PEP-CK (B, E, H, K, N); and C4-NAD-ME (C, F, I, L, 
O) grasses. The C4 grasses were grown in a common glasshouse. Data in A-F are fitted according to June et 
al. (2004) and the derived constants are shown in Table 2.2. Leaves were measured at 1800 μmol m-2s-1 and 





Figure 2.2: Photosynthetic CO2 response curves (A-Ci) measured at different leaf temperature in eight 
grasses. 
Responses of CO2 assimilation rate to increasing intracellular [CO2] were measured at 18 (dotted line), 25 
(dashed line), 34 (long-dashed line) and 40oC (continuous line) in C4-NADP-ME (A-C), C4-PEP-CK (D-F) 
and C4-NAD-ME (G-H) grasses. Leaves were measured at 1800 μmol m-2s-1. Values are means of 3-4 




Figure 2.3: Thermal response of CO2 saturated rate (CSR), initial slope of the A-Ci curve (IS) and 
IS/CSR in eight C4 grasses. 
CO2 saturated rate, CSR (A-C), initial slope of CO2 response curve, IS (D-F) and IS/CSR ratio (G-I) as a 
function of leaf temperature for C4-NADP-ME (A, D, G), C4-PEP-CK (B, E, H) and C4-NAD-ME (C, F, I) 
grasses. Data in A-F are fitted according to June et al. (2004) and the derived parameters are shown in Table 




Figure 2.4: Thermal response of photosynthetic enzyme activities in C4 grasses. 
Rubisco activity (A-C), PEPC activity (D-F) and PEPC/Rubisco activity ratio (G-I) as a function of 
temperature for C4-NADP-ME (A, D, G), C4-PEP-CK (B, E, H) and C4-NAD-ME (C, F, I) grasses. 
Temperature response of enzymes at 18, 25, 34, and 40 oC was measured on each extract. Data in A-F are 
fitted according to June et al. (2004) and the derived parameters are shown in Table 2.2. Values are means 






Figure 2.5: Photosynthetic carbon isotope discrimination, Δ as a function of Ci/Ca measured during 
the gas exchange for eight C4 grasses.  
Lines are a solution of the updated C4 discrimination model and includes the ternary formulation suggested 
by Farquhar and Cernusak (2012) and Pengelly et al. (2012) using leakiness ϕ = 0.35 at T = 18oC (blue-
solid line) or T = 40 oC (red-dotted line) and ϕ = 0.10 at T = 18oC (blue-dotted line) or T = 40 oC (red-solid 
line).. Leaf gas exchange was measured at high light (1800 μmol m-2 s-1), ambient CO2 (400 μL L-1) and 
varying leaf temperature (18, 25, 34 and 40oC). The symbols represent C4 grasses belonging to the C4-




Figure 2.6: Relationship between measured in vitro and in vivo photosynthetic parameters. 
Relationship between the in vitro and in vivo photosynthetic parameters measured at 18 (blue), 25 (black), 
34 (green) and 40oC (red) in C4-NADP-ME (circle), C4-PEP-CK (squares) and C4-NAD-ME (triangles) 




Figure 2.7: Relationship between leakiness and ratio of in vitro or in vivo C4 and C3 cycle parameters. 
Relationship between leakiness and ratio of in vitro or in vivo C4 and C3 cycle parameters measured at 18 
(blue), 25 (black), 34 (green) and 40oC (red) in C4-NADP-ME (circle), C4-PEP-CK (squares) and C4-NAD-




Table S 2.1: Summary of leaf gas exchange parameters for eight C4 grasses. 
Leaf gas exchange was measured at PPFD of 1800 μmol m-2 s-1 and reference CO2 of 400 μl L-1. Values are means of 3-4 replicates ± SE. Superscripts indicate the ranking 
(lowest = a) for temperature steps within each species using a multiple-comparison Tukey’s Post Hoc test. Values followed by the same letter are not significantly different at 
5% level. P values show significance levels derived by fitting linear model for all the C4 species and linear mixed effect model for three C4 subtypes at each single temperature. 
Significance levels are ns, not significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001. 
 
  
C. ciliaris S. bicolor Z. mays P. maximum C. gayana E. meyeriana P.coloratum L. fusca NADP-ME PEP-CK NAD-ME Species Subtype
18 17 ± 1a  18 ± 2a  24 ± 0a  18 ± 1a  19 ± 0a  16 ± 1a  13 ± 1a  16 ± 1a  19 ± 1a  18 ± 1a  14 ± 1a  *** ns
25 29 ± 1b 29 ± 2b 36 ± 1b 28 ± 2b 29 ± 0b 24 ± 1b 22 ± 0b 25 ± 1b 31 ± 1b 27 ± 1b 23 ± 1b *** *
34 36 ± 1c 40 ± 1c 43 ± 1c 42 ± 0c 37 ± 3 c 40 ± 2c 34 ± 2c 40 ± 2c 40 ± 1c 40 ± 1c 37 ± 2c * ns
40 40 ± 1c 39 ± 1c 37 ± 3bc 37 ± 2c 36 ± 1bc 44 ± 1c 35 ± 1c 38 ± 2c 38 ± 1c 39 ± 1c 36 ± 1c 0.06 ns
18 0.12 ± 0.01a  0.18 ± 0.02 a 0.27 ± 0.02a 0.15 ± 0.02a 0.19 ± 0.02a 0.14 ± 0.01a 0.12 ± 0a 0.13 ± 0.01 a 0.19 ± 0.02 a 0.16 ± 0.01a 0.12 ± 0.01a   *** ns
25 0.2 ± 0.01b 0.23 ± 0.02 ab 0.34 ± 0.01ab 0.21 ± 0.02a 0.22 ± 0.01a 0.15 ± 0.01a 0.15 ± 0.01a 0.17 ± 0.01 a 0.24 ± 0.02 a 0.2 ± 0.01 a 0.16 ± 0.01b  *** ns
34 0.24 ± 0.01bc 0.33 ± 0.03bc 0.4 ± 0.01b 0.41 ± 0.01b 0.24 ± 0.02a 0.31 ± 0.02b 0.22 ± 0.01b 0.23 ± 0.01b 0.32 ± 0.03b 0.31 ± 0.02b 0.23 ± 0.01c *** ns
40 0.29 ± 0.02c 0.37 ± 0.03c 0.35 ± 0.03ab 0.36 ± 0.04b 0.24 ± 0.01a 0.38 ± 0.03b 0.26 ± 0.01b 0.27 ± 0.02 b 0.34 ± 0.02b 0.32 ± 0.03b 0.27 ± 0.01d ** ns
18 1.2 ± 0.1 a  1 ± 0 a   1.1 ± 0.1a   1.2 ± 0.1 a  1.1 ± 0.1 a   1.2 ± 0 a   1.1 ± 0 a 1.2 ± 0.1 a   1.1 ± 0 a   1.2 ± 0 a   1.2 ± 0 a  ns ns
25 1.6 ± 0.1 a  1.6 ± 0.2b  1.6 ± 0  b  1.4 ± 0.2 a  1.6 ± 0.1b  1.8 ± 0b  1.5 ± 0 a 1.7 ± 0 b  1.6 ± 0b  1.6 ± 0.1b  1.6 ± 0 a  ns ns
34 2.7 ± 0.3b 2.4 ± 0c 2.4 ± 0.1c 2.3 ± 0  b 2.6 ± 0c 2.7 ± 0.1c 2.4 ± 0.1b 3 ± 0.1c 2.5 ± 0.1c 2.5 ± 0.1c 2.7 ± 0.1b ns ns
40 3.7 ± 0c 3.4 ± 0d 3.3 ± 0 d 3.7 ± 0.1c 3.9 ± 0.2d 3.5 ± 0.2d 3.3 ± 0.4b 4.1 ± 0.1d 3.5 ± 0.1d 3.7 ± 0.1d 3.6 ± 0.3c 0.06 ns
Ci/Ca 18 0.41 ± 0.02b 0.52 ± 0.02b 0.55 ± 0.02b 0.43 ± 0.05 a 0.54 ± 0.04c 0.46 ± 0  b 0.53 ± 0.05  b 0.48 ± 0.02c 0.5 ± 0.02  b 0.48 ± 0.02b 0.51 ± 0.03c * ns
25 0.34 ± 0.02ab 0.36 ± 0.01a 0.42 ± 0.02a 0.34 ± 0.01 a 0.41 ± 0.01b 0.28 ± 0.01 a 0.33 ± 0.05 a 0.33 ± 0.03b 0.37 ± 0.01 a 0.36 ± 0.02 a 0.33 ± 0.03b * ns
34 0.3 ± 0.02a 0.3 ± 0.04a 0.37 ± 0.02a 0.4 ± 0.01 a 0.34 ± 0.02ab 0.34 ± 0.02 a 0.27 ± 0.01 a 0.18 ± 0.01a  0.32 ± 0.02 a 0.36 ± 0.01 a 0.22 ± 0.02 a  ** **
40 0.31 ± 0.02ab 0.37 ± 0.03a 0.39 ± 0.01a 0.4 ± 0.02 a 0.28 ± 0.0a  0.35 ± 0.03 a 0.35 ± 0.03 ab 0.3 ± 0.01b 0.35 ± 0.02 a 0.34 ± 0.02 a 0.33 ± 0.02b * ns
18 4.1 ± 0 a 2.2 ± 0a 3.5 ± 0.2b 2.7 ± 0.1a 4.1 ± 0.1b 2.2 ± 0.1 a 3.9 ± 0.1 a 4.3 ± 0   c 3.1 ± 0.3 a 2.9 ± 0.3 a 4.1 ± 0.1b *** ns
25 3.9 ± 0.1a 3.1 ± 0.1b 2.6 ± 0.1a 2.8 ± 0 a 3.8 ± 0.1a 3.3 ± 0  b 3.6 ± 0.2 a 4 ± 0.1  bc 3.4 ± 0.2 a 3.4 ± 0.1 a 3.7 ± 0.1ab *** ns
34 3.7 ± 0 a 3.1 ± 0.2b 2.8 ± 0.1a 2.7 ± 0.1 a 3.7 ± 0.1a 2.8 ± 0  b 3.7 ± 0.1 a 3.9 ± 0  b 3.2 ± 0.2 a 3.2 ± 0.1 a 3.8 ± 0 ab *** ns
40 3.6 ± 0.3a 3 ± 0.1b 2.5 ± 0 a 2.6 ± 0.1 a 3.6 ± 0.1a 3 ± 0.1  b 3.5 ± 0.1 a 3.4 ± 0.2 a  3.1 ± 0.2 a 3.1 ± 0.2 a 3.4 ± 0.1 a *** ns
18 0.42 ± 0b 0.26 ± 0.01 a 0.38 ± 0.01b 0.27 ± 0.02a 0.42 ± 0.01b 0.25 ± 0.01a 0.4 ± 0.01b 0.43 ± 0b 0.34 ± 0.02 a 0.31 ± 0.03 a 0.42 ± 0.01 a *** ns
25 0.36 ± 0.01c 0.25 ± 0.01ab 0.24 ± 0a  0.21 ± 0.01a  0.35 ± 0.01c 0.25 ± 0a  0.31 ± 0.01bc 0.37 ± 0.02c 0.31 ± 0.02 a 0.28 ± 0.02 a 0.33 ± 0.01 a *** ns
34 0.29 ± 0b 0.19 ± 0.01a 0.21 ± 0a 0.2 ± 0a 0.28 ± 0.01b 0.19 ± 0.01a 0.27 ± 0.01b 0.23 ± 0.01a 0.23 ± 0.01 a 0.23 ± 0.02 a 0.24 ± 0.01 a *** ns


























NADP-ME PEP-CK NAD-ME Subtype
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Table S 2.2: Summary of A-Ci derived parameters and enzyme activities for eight C4 grasses. 
Values are means of 3-4 replicates ± SE. Superscripts indicate the ranking (from lowest = a) for temperature steps within each species using a multiple-comparison Tukey’s 
Post Hoc test. Values followed by the same letter are not significantly different at 5% level. P values show significance levels derived by fitting linear model for all the C4 
species and linear mixed effect model for three C4 subtypes at each single temperature. Significance levels are ns, not significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.  
001.
  
C. ciliaris S. bicolor Z. mays P. maximum C. gayana E. meyeriana P.coloratum L. fusca NADP-ME PEP-CK NAD-ME Species Subtype
18 0.28 ± 0.05 a  0.1 ± 0.03 a  0.39 ± 0 a 0.25 ± 0.02 a 0.24 ± 0.03 a 0.22 ± 0.02 a 0.17 ± 0.03 a  0.29 ± 0.02 a 0.25 ± 0.05 a 0.23 ± 0.01 a 0.23 ± 0.03 a *** ns
25 0.3 ± 0.03 a  0.33 ± 0.02 ab 0.65 ± 0.02b 0.33 ± 0.01 ab 0.46 ± 0.05b 0.29 ± 0 a 0.31 ± 0.02b 0.48 ± 0.02 ab 0.43 ± 0.06 a 0.36 ± 0.03 a 0.4 ± 0.04 a *** ns
34 0.55 ± 0.07b 0.58 ± 0.12  bc 0.68 ± 0.03b 0.41 ± 0.03b 0.6 ± 0.04b 0.49 ± 0.05b 0.45 ± 0.04 c 0.67 ± 0.05b 0.6 ± 0.05 a 0.5 ± 0.03 a 0.56 ± 0.06 a * ns
40 0.77 ± 0.03c 0.77 ± 0.09c 0.62 ± 0.06b 0.41 ± 0.03b 0.59 ± 0.01b 0.54 ± 0.03b 0.49 ± 0.03c 0.71 ± 0.12b 0.72 ± 0.04 b 0.51 ± 0.03 a 0.6 ± 0.07 ab ** 0.06
18 20 ± 1 a  13 ± 1 a  23 ± 0 a  19 ± 2 a  19 ± 2 a  19 ± 1 a  16 ± 1 a  18 ± 1 a  19 ± 2 a  19 ± 1 a  17 ± 1 a  *** ns
25 33 ± 1  b 34 ± 0b 33 ± 1 b 27 ± 0b 34 ± 3b 34 ± 1b 33 ± 1b 32 ± 1b 34 ± 1b 32 ± 1b 33 ± 1b * ns
34 45 ± 2   c 47 ± 1c 46 ± 1c 42 ± 2c 43 ± 0c 48 ± 3c 40 ± 1c 41 ± 1c 46 ± 1c 45 ± 1c 41 ± 1c * *
40 50 ± 0   c 49 ± 1c 34 ± 2b 38 ± 1c 43 ± 2c 46 ± 0c 39 ± 0 c 42 ± 1c 44 ± 3c 43 ± 1c 40 ± 1c *** ns
18 0.014 ± 0.002a 0.007 ± 0.001a 0.016 ± 0 a 0.013 ± 0 a 0.013 ± 0.002a 0.011 ± 0.001a 0.011 ± 0.002a 0.016 ± 0 a 0.012 ± 0.002a 0.012 ± 0.001a 0.013 ± 0.001a ** ns
25 0.009 ± 0.001a 0.01 ± 0.001ab 0.02 ± 0.001a 0.012 ± 0 a 0.014 ± 0.001a 0.009 ± 0a 0.009 ± 0.001a 0.015 ± 0.001a 0.013 ± 0.002a 0.011 ± 0.001a 0.012 ± 0.001a *** ns
34 0.013 ± 0.002a 0.012 ± 0.002ab 0.015 ± 0 a 0.01 ± 0.001 a 0.014 ± 0.001a 0.01 ± 0.001 a 0.011 ± 0.001a 0.017 ± 0.002a 0.013 ± 0.001a 0.011 ± 0.001a 0.014 ± 0.001a 0.07 ns
40 0.015 ± 0 a 0.016 ± 0.002b 0.018 ± 0.003a 0.011 ± 0.001a 0.014 ± 0.001a 0.012 ± 0.001a 0.013 ± 0.001a 0.017 ± 0.002a 0.017 ± 0.001b 0.012 ± 0.001a 0.015 ± 0.001ab * *
18 46 ± 5 a 111 ± 3 a 84 ± 6 a 28 ± 11 a 49 ± 7 a 85 ± 9 a  19 ± 2a  19 ± 3 a 83 ± 9 a 54 ± 10 a 19 ± 2 a *** *
25 69 ± 9 a 190 ± 16 ab 166 ± 9b 47 ± 19 a 86 ± 12 ab 148 ± 10b 47 ± 4 ab 37 ± 7 a 139 ± 18 ab 94 ± 16 ab 42 ± 4 ab *** ns
34 110 ± 8  b 230 ± 25  b 234 ± 18b 64 ± 27 a 127 ± 21b 205 ± 14 c 76 ± 5bc 53 ± 11 a 195 ± 21b 132 ± 23 ab 63 ± 8  b *** 0.08
40 140 ± 7  b 193 ± 37 ab 199 ± 26 b 70 ± 30 a 136 ± 22b 253 ± 16c 85 ± 11c 53 ± 12 a 179 ± 17 b 153 ± 29 b 67 ± 10  b *** ns
18 7 ± 1 a 17 ± 2 a  15 ± 3 a  12 ± 1 a  11 ± 2 a  10 ± 1 a  11 ± 0 a  9 ± 1 a  13 ± 2 a  11 ± 1 a  10 ± 1 a  ** ns
25 16 ± 3 ab 30 ± 3  b 30 ± 1b 21 ± 1b 24 ± 3b 17 ± 2 ab 20 ± 1ab 18 ± 1b 26 ± 3b 21 ± 1b 19 ± 1b *** ns
34 20 ± 4 ab 37 ± 2  bc 45 ± 1c 30 ± 2c 35 ± 3bc 25 ± 2bc 29 ± 2bc 28 ± 3c 34 ± 4bc 30 ± 2 c 29 ± 2 c *** ns
40 23 ± 4  b 45 ± 2   c 49 ± 2c 35 ± 2c 41 ± 3c 29 ± 3c 32 ± 5 c 35 ± 3c 40 ± 4 c 35 ± 2 c 34 ± 3c *** ns
18 6.3 ± 0.9 a 6.8 ± 0.7  b 6.4 ± 1.9 a 2.1 ± 0.7 a 4.6 ± 0.3 a 8.3 ± 0.5 a 1.7 ± 0.2 a 2.3 ± 0.4a 6.6 ± 0.6 b 5 ± 0.9 a 2 ± 0.2 a *** *
25 5.2 ± 0.9 a 6.3 ± 0.2 ab 5.5 ± 0.3 a 2.2 ± 0.8 a 3.6 ± 0.1 a 8.7 ± 0.7 a 2.4 ± 0.2 ab 2 ± 0.2 a 5.7 ± 0.3ab 4.8 ± 1 a 2.2 ± 0.2a *** ns
34 5.8 ± 0.8 a 6.2 ± 0.4 ab 5.2 ± 0.3 a 2.1 ± 0.8 a 3.6 ± 0.3 a 8.3 ± 0.8 a 2.6 ± 0.1b 1.9 ± 0.2a 5.8 ± 0.3ab 4.7 ± 1 a 2.2 ± 0.2a *** ns
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Table S 2.3: Rubisco and protein content. 
Rubisco content, Rubisco activation, protein contents and % Rubisco of protein were measured in the 
leaves of eight C4 grasses. Leaf sample were harvested during the sunny midday. Values are means (n 
= 3-4) ± SE. The effect of species was compared using linear model with type II ANOVA. The effect 
of subtype was compared using linear mixed effect model with type II ANOVA, where species were 
treated as a random variable. Superscripts indicate the ranking (lowest = a) of species within each single 
row derived using a multiple-comparison Tukey’s Post Hoc test. Values followed by the same letter are 















C. ciliaris 4 ± 0.3a 70 ± 8 b 6.6 ± 2a 5.6 ± 1.5a 
S. bicolor 5.8 ± 0.5ab 72 ± 6 b 6 ± 0.6ab 6.5 ± 0.3a 
Z. mays 7.2 ± 0.4 b 63 ± 7ab 5.8 ± 0.7 b 8.6 ± 1.2a 
P. maximum 5.7 ± 0.7ab 54 ± 5ab 5.4 ± 1.2ab 7.1 ± 1.3a 
C. gayana 5.5 ± 0.2ab 62 ± 5ab 6.5 ± 1.5ab 6 ± 1.8a 
E. meyeriana 3.8 ± 0.4a 41 ± 7a 5.4 ± 0.6a 5.1 ± 1a 
P. coloratum 7.8 ± 0.5 b 54 ± 8ab 6.9 ± 2.2 b 8.9 ± 2.2a 
L. fusca 4 ± 0.5a 54 ± 4ab 6.6 ± 1.5a 4.8 ± 1.1a 
NADP-ME 5.4 ± 0.4a 69 ± 4 b 6.2 ± 0.8a 6.7 ± 0.8a 
PEP-CK 5 ± 0.4a 53 ± 4a 5.7 ± 0.6a 6.1 ± 0.8a 
NAD-ME 5.7 ± 0.8a 54 ± 4ab 6.7 ± 1.2a 6.5 ± 1.3a 
 
 











CHAPTER 3  
TEMPERATURE ACCLIMATION OF 
PHOTOSYNTHESIS IN C4 GRASSES WITH 






Photosynthetic acclimation to high temperature was investigated in eight C4 grasses 
belonging to three biochemical subtypes and the main C4 grass clades. Grasses were 
grown at cool (24oC) and warm (34oC) air temperature in naturally lit glass house 
chambers. Photosynthetic acclimation was assessed by measuring leaf gas exchange, 
activity of photosynthetic enzymes and leaf dry matter C isotope discrimination (∆DM) 
as an indirect indicator of CO2 concentrating mechanism (CCM) coordination. 
Different thermal acclimation responses and mechanisms were observed among the C4 
species and subtypes. Growth in warm temperature reduced CO2 assimilation rate at 
25oC (A25) to a greater extent in NADP-ME species (21%) relative to NAD-ME (7%) 
and PEP-CK (10%) species. The stronger photosynthetic acclimation in NADP-ME 
species was underpinned by a higher reduction of C3 and C4 cycle activity as 
corroborated by in vivo (initial slopes and saturated rates of the A-Ci curves) and in 
vitro (activity of Rubisco, PEPC and C4 acid decarboxylases) measures of C3 and C4 
cycle activity. Warming increased photosynthetic nitrogen use efficiency (PNUE) to a 
greater extent in NAD-ME species (51%) relative to the other two subtypes (22-29%) 
partly as a result of increased Rubisco activation. In response to growth in warm 
temperature, stomatal conductance measured at 25oC (gs25) increased in NAD-ME 
(41%) species despite decreased A25, while gs changed in line with A in the other C4 
species. It was concluded that warming enhanced the CCM efficiency in NAD-ME 
relative to the other C4 subtypes; this was supported by a greater increase in total plant 
dry mass for NAD-ME (6.2-fold) relative to NADP-ME (1.5-fold) and PEP-CK (1-
fold) counterparts. Future research is needed to unravel the basis for increased Rubisco 
activation and stomatal acclimation in NAD-ME species at warm temperatures. 
 
Keywords: High temperature, photosynthetic acclimation, biochemical subtypes, 





C4 photosynthesis is a complex evolutionary trait that evolved to overcome the 
inefficiencies of the ancestral C3 photosynthetic pathway by virtue of a CO2 
concentrating mechanism (CCM). Ribulose 1, 5-bisphosphate carboxylase/oxygenase 
(Rubisco), the first and rate limiting enzyme of CO2 fixation in C3 photosynthesis, 
catalyses both carboxylation (CO2 fixation) and oxygenation (O2 fixation) reactions 
(Andrews and Lorimer, 1978; Morell et al., 1992). The oxygenation is a wasteful 
reaction because it uses Rubisco catalytic sites, consumes chemical energy along with 
net C loss, and contributes to build up of inhibitory compounds for carboxylation 
(Jordan and Ogren, 1984). High temperature favors oxygenase activity by reducing 
CO2/O2 specificity of Rubisco and reducing solubility of CO2 relative to O2. In 
addition, activation energy of Rubisco carboxylation is higher than that for 
oxygenation (Hall & Keys, 1983). Under current atmospheric conditions, high rates of 
photorespiration in C3 plants reduce the net photosynthetic CO2 fixation by 30-40% 
(Pearcy and Ehleringer, 1984; Ehleringer, 2005). 
During C4 photosynthesis, the CCM overcomes photorespiration by concentrating CO2 
at the catalytic sites of Rubisco. The CCM is achieved by a series of anatomical and 
biochemical adaptations which allow the operation of two photosynthetic cycles, C4 
and C3, across the outer mesophyll (MC) and inner bundle-sheath cells (BSC) (Hatch, 
1987). In addition to the basic energy requirements of the C3 cycle, the CCM attracts 
extra ATP cost associated with the overcycling of CO2 in the BSC (Farquhar, 1983). 
Grasses with C4-CCM independently evolved in 22-24 lineages under environmental 
conditions which favor photorespiration including low atmospheric CO2 and high 
temperature in open habitats (Sage, 2004; Edwards et al., 2010; Grass Phylogeny 
Working Group II, 2012). As a consequence, C4 plants are typically distributed in 
warm, arid and high-light environments (Hattersley, 1983; Ehleringer et al., 1997; 
Edwards and Still, 2008). This distribution is best described by the quantum yield 
theory which explains C3/C4 grass distribution by the corresponding energy 
requirements of photorespiration in C3 photosynthesis and the CCM in C4 
photosynthesis. In the current atmosphere, C4 photosynthesis is favored above 25
oC 
(Ehleringer et al., 1997). C4 photosynthesis can be classified into three biochemical 
subtypes based on the primary C4 decarboxylase enzyme in BSC namely, NADP-ME, 
NAD-ME and PEP-CK (Hatch, 1987). Each subtype is distinguished by anatomical 
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and biochemical features (Gutierrez et al., 1974; Kanai and Edwards, 1999; Ghannoum 
et al., 2011). The C4 subtypes also have different photosynthetic quantum yield, with 
NAD-ME grasses reported to have lower quantum yield relative to NADP-ME and 
PEP-CK counterparts (Pearcy and Ehleringer, 1984). 
The operation of the CCM in C4 plants enhances their productivity and resource use 
efficiency relative to C3 plants, particularly in warm climates (Osmond et al., 1982; 
Long, 1999; Ghannoum et al., 2011), highlighting the importance of C4 plants to 
primary productivity in natural and cropping ecosystems (Brown, 1999; Sage et al., 
1999a). While the contrasting responses of C3 and C4 photosynthesis to warm 
temperature are well documented and understood (Long, 1999; Sage and Kubien, 
2007), the implications of the various C4 subtypes on the short-term responses and 
long-term acclimation to high temperature remain unclear. Growth at high 
temperatures has profound effects on photosynthetic physiology and biochemistry 
(Berry and Bjorkman, 1980), and may lead to positive adjustment (i.e., higher 
photosynthetic rates at the new environments) or negative adjustment (i.e., lower 
photosynthetic rates at the new environments) (Way and Yamori, 2014). Thus, 
understanding the physiological processes that underlie the short- and long-term 
temperature responses of the various C4 photosynthetic pathways is important in the 
agriculture and the environmental contexts. 
When a new growth condition allows for a higher ratio of photosynthesis rate per leaf 
N, then plants acclimate by economizing N allocation to photosynthetic apparatus. 
Such response was observed in C4 monocots and dicots which showed significant 
reductions in leaf N and photosynthetic capacity when grown under high temperature 
(Dwyer et al., 2007), and is well documented for C3 plants under elevated CO2 
(Ainsworth and Long, 2005; Leakey et al., 2009). In the short-term (Chapter 2), 
increases in leaf temperature are predicted to stimulate C4 photosynthesis below the 
temperature optimum (Long, 1999; Sage and Kubien, 2007). Earlier studies 
demonstrated that NAD-ME species had more PSII activity in BSC, while PSII is 
suppressed in BSCs of NADP-ME species (Ghannoum et al., 2005; Ghannoum et al., 
2011) and intermediate in PEP-CK species (Hatch, 1987). Accordingly, short-term 
increases in leaf temperature stimulated O2 uptake in NAD-ME species while it was 
unchanged in NADP-ME species (Siebke et al., 2003). Hence, at warm temperatures, 
Rubisco sites in NAD-ME and PEP-CK species are more likely to undergo 
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oxygenation due to local O2 production in BSCs relative to the NADP-ME subtype. 
This implies that, with increasing temperature, NADP-ME species are likely to achieve 
similar photosynthetic rates with less Rubisco, and hence leaf N relative to the other 
two C4 subtypes. Accordingly, I hypothesized that, under warming, NADP-ME 
species will show a higher down regulation in leaf N and C3 and C4 cycle activities 
relative to NAD-ME and PEP-CK species. 
C4 photosynthesis is strongly stimulated in response to short-term increases in leaf 
temperature (Chapter 2 and reviewed in Sage and Kubien, 2007; Sage et al., 2010; 
Yamori et al., 2013). The ensuing increase in CO2 demand is satisfied by increased 
stomatal conductance (gs). Earlier studies using C4 plants reported unchanged Ci/Ca 
under various treatment and measurement conditions (Ghannoum et al., 2005; Dwyer 
et al., 2007; Pinto et al., 2014; Pinto et al., 2015). Yet, elevated temperature will 
increase VPD leading to greater transpiration (E) which is constrained by leaf 
hydraulics (Sack and Holbrook, 2006; Simonin et al., 2015). NAD-ME 
(Chloridoideae) C4 species exhibit lower hydraulic conductance (Kleaf) than the other 
two C4 subtypes (Liu and Osborne, 2015). In well-watered plants, Kleaf is positively 
dependent on E (Simonin et al., 2015). A good correlation was observed between Kleaf 
and gas phase conductance (gmax) in leaves of diverse functional types (Brodribb and 
Jordan, 2008). With higher transpiration demand at high temperature, Kleaf may limit 
A in NAD-ME species if they have insufficient capacity to adjust, thereby causing 
reduced gs. However, no stomatal acclimation was reported in an earlier study with 
NAD-ME, Panicum coloratum (Paniceae) species (Dwyer et al., 2007). It remains to 
be tested if stomatal acclimation occurs in NAD-ME species from the Chloridoideae 
group or in species of the other two subtypes. 
In C4 plants, a few studies observed down-regulation of photosynthetic capacity in 
response to warming (Dwyer et al., 2007; Sage et al., 2010). These physiological 
comparisons were made using a limited number of C4 monocot and dicot species, 
which limits our ability to draw conclusions about possible subtype differences. In 
addition, most published studies were focused on phenomenological responses of C4 
photosynthesis to high temperature (Way and Yamori, 2014), while other studies were 
interested in the acclimation of C4 photosynthesis at low temperature (Pietrini and 
Massacci, 1998; Kubien et al., 2003; Kubien and Sage, 2004; Naidu and Long, 2004). 
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Hence, the underling mechanisms that control thermal acclimation to high temperature 
in the different subtypes of C4 photosynthesis remain unanswered. 
Consequently, the current study investigated the acclimation of eight C4 grass species 
(Table 3.1) to growth at control, termed cool throughout this thesis, (24oC) and warm 
(34oC) temperatures under natural light environment (Figure 3.1). The species 
belonged to three biochemical subtypes (NADP-ME, NAD-ME and PEP-CK) and two 
three major grass taxa including commercially important crops (maize and sorghum). 
The main objectives of this study were to (i) investigate the underlying mechanism of 
high temperature acclimation in the three biochemical subtypes of C4 grasses, and (ii) 
determine whether these responses influence biomass production and resource use 
efficiency of the C4 species at high temperature. Accordingly, plant biomass, leaf N 
and carbon isotope composition, leaf gas exchange were measured together with the 




3.2 Materials and Methods 
3.2.1 Plant culture 
The experiment was conducted in two naturally lit glasshouse chambers (each 5 m3). 
The chambers were maintained at either 24/19 oC or 34/25 oC for day/night 
temperature by an in-built glasshouse temperature control system. Air temperate and 
humidity in the chamber and at leaf-level were monitored using Rotronic HC2-S3 
sensors placed in a vented shield with a 12V fan to draw air from the sensor. The 
average growth conditions during the experiment are shown in Figure 3.1. A Licor 
quantum sensor (LI-190, LI-COR, Lincoln, NE, USA) was mounted at the leaf level 
to monitor incident photosynthetic photon flux density, PPFD. Average mid-day PPFD 
was 1528 ± 64 μmol m-2 s-1. Locally collected soil was air-dried, coarsely-sieved and 
added to 3.5 L cylindrical pots, which were watered to 100 % capacity, then transferred 
to the glasshouse chambers. Seeds of grass species used in this study (Table 3.1) were 
obtained from the Australian Plant Genetic Resources Information System (ACT, 
Australia) and Queensland Agricultural Seeds Pty. Ltd. (Toowoomba, Australia). 
Seeds were sown in common germination mix. Three-four weeks after germination, 
two healthy seedlings were transplanted into each of the soil-filled pre-irrigated pots. 
After a week of transplanting, one healthy seedling was left in the pot while the other 
was removed. There were five pots per species and temperature treatment. In order to 
minimise the glasshouse chamber effect, temperature treatments and pots were 
switched between chambers on two occasions. In addition, pots were randomly 
positioned and rotated within each chamber every two weeks throughout the 
experiment. Plants were daily well-watered with added commercial soluble fertiliser 
(Aquasol, N: P: K = 23.3:3.95:14; Yates, Wetherill Park, NSW, Australia). 
3.2.2 Leaf gas exchange measurements 
Leaf gas exchange measurements were carried out using a portable open gas exchange 
system (LI-6400XT, LI-COR, Lincoln, NE, USA). Measurements were conducted 
between 10:00 and 14:00 about 7-8 weeks after transplanting on an attached, last fully 
expanded leaf (LFEL) on the main stem. For gas exchange measurements, plants were 
moved to a growth chamber (1.8 m3; BioChambers, Winnipeg, MB, Canada) lit with 
fluorescent bulbs with PPFD 1000 μmol m-2 s-1, where air temperature could be 
changed separately at constant [CO2] (400 µl L
-1) and relative humidity (60%). 
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Measurements were made at leaf temperatures of 25 and 35 °C by using the internal 
heating system of the photosynthesis unit in conjunction with the growth chamber 
temperature control system, whilst maintaining a relatively constant humidity inside 
the leaf chamber. Prior to measurements, each leaf was allowed to reach a steady state 
of CO2 uptake at ambient CO2 (400 μL L
-1) and photosynthetic photon flux density, 
PPFD of 1800 μmol m-2 s-1. For each temperature, an initial spot measurement was 
taken and this was followed by measuring the responses of CO2 assimilation rates (A) 
to step increases of intercellular CO2 (Ci) by raising the LI-6400XT leaf chamber 
[CO2] in 10 steps between 50 and 1500 μL L
-1. Consequently, dark respiration was 
measured by turning off the light in the LI-6400XT leaf chamber for 20-30 min. There 
were 3-4 replicates per treatment. The initial slope (IS) and CO2-saturated rate (CSR) 
of each A-Ci curve was estimated by fitting linear models to the initial linear data 
points and CO2 saturating rate, respectively for both leaf temperatures. The A-Ci 
curves measured at 25 oC were fitted using the C4 photosynthesis model (von 
Caemmerer, 2000) to estimate in vivo maximal phosphoenolpyruvate carboxylase 
(PEPC) (Vpmax) and Rubisco (Vcmax) activities. 
3.2.3 Activity of Rubisco, PEPC, NADP-ME, NAD-ME and PEP-CK 
Following gas exchange measurements, replicate leaf discs (0.4-1 cm2) were cut from 
the gas exchange leaf, rapidly frozen in liquid nitrogen then stored at -80°C until 
analysed. For Rubisco activity, activation and content, PEPC and NADP-ME activity, 
and soluble protein assays, the extraction buffer was purge of CO2 overnight by 
bubbling a weak jet of nitrogen gas through the basic buffer [50 mM EPPS-NaOH (pH 
7.8), 5 mM MgCl2, 1 mM EDTA]. Each leaf disc was extracted in 0.8 mL of ice-cold 
extraction buffer [50 mM EPPS-NaOH (pH 7.8), 5 mM DTT, 5 mM MgCl2, 1 mM 
EDTA, 10 l protease inhibitor cocktail (Sigma), 1% (w/v) polyvinyl polypyrrolidone] 
using a 2 mL Tenbroeck glass homogeniser kept on ice. The extract was centrifuged 
at 19,000 g for 1 min and the supernatant used for the following assays. For Rubisco 
content, subsamples were activated in buffer [50 mM EPPS (pH 8.0), 10 mM MgCl2, 
2 mM EDTA, 20 mM NaHCO3]. Rubisco content was estimated by the irreversible 
binding of [14C]-CABP to the fully carbamylated enzyme (Sharwood et al., 2008). 
Extractable soluble proteins were measured using the Pierce Coomassie Plus 
(Bradford) protein assay kit (Thermo scientific, Rockford, USA). 
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The activities of the photosynthetic enzymes Rubisco, PEPC and NADP-ME were 
measured spectrophotometrically as described previously (Ashton et al., 1990; 
Pengelly et al., 2010; Pinto et al., 2014) Briefly, initial Rubisco activity was measured 
in assay buffer [50 mM EPPS-NaOH (pH 8), 10 mM MgCl2, 0.5 mM EDTA, 1 mM 
ATP, 5 mM phosphocreatine, 20 mM NaHCO3, 0.2 mM NADH, 50 U creatine 
phosphokinase, 0.2 mg carbonic anhydrase, 50 U 3-phosphoglycerate kinase, 40 U 
glyceraldehyde-3-phosphate dehydrogenase, 113 U triose-phosphate isomerase, 39 U 
glycerol-3-phosphate dehydrogenase] and the reaction initiated by the addition of 22.2 
mM ribulose-1, 5-bisphosphate (RuBP). For total Rubisco activity, the extract was 
activated in assay buffer for 10 min at 25 oC before initiation of the reaction. PEPC 
activity was measured in assay buffer [50 mM EPPS-NaOH (pH 8.0), 0.5 mM EDTA, 
10 mM MgCl2, 0.2 mM NADH, 5 mM glucose-6-phosphate, 0.2 mM NADH, 1 mM 
NaHCO3, 1 U MDH] after the addition of 4 mM PEP. NADP-ME activity was 
measured in assay buffer containing [50 mM NADP-ME buffer (pH- 8.3), 4 mM 
MgCl2, 0.5 mM NADP, and 0.1 mM EDTA] after the addition of 5 mM malic acid.  
The activity of PEP-CK was measured in the carboxylation direction using a modified 
method based on Walker et al (2002) and Koteyeva et al (2015). For PEP-CK and 
NAD-ME activity, a separate leaf disk was homogenised in extraction buffer 
containing 50 mM HEPES (pH-7.5), 2 mM EDTA, 0.05% Triton, 5 mM DTT, 1% 
PVPP, 2 mM MnCl2) using a 2 mL Tenbroeck glass homogeniser kept on ice. The 
extract was centrifuged at 19,000 g for 1 min and the supernatant used for PEP-CK 
and NAD-ME activity. PEP-CK activity was measured in a assay buffer containing 
[50 m HEPS (pH-7.0), 4% β-mercaptoethanol, 100 mM KCL, 90 mM NaHCO3, 1 mM 
ADP, 2 mM MnCl2, 0.14 mM NADH, 6u MDH] after the addition of 5 mM PEP. 
NAD-ME activity was measured in [25 mM Tricine (pH-8.3), 5 mM DTT, 2 mM 
NAD, 0.1 mM AcCOA, 4 mM MnCl2, 2 mM EDTA] after the addition of 5 mM malic 
acid.  
Activities of Rubisco, PEPC, NADP-ME, PEP-CK and NAD-ME were calculated by 
monitoring the decrease/increase of NAD(H) absorbance at 340 nm with a UV-VIS 
spectrophotometer (model 8453, Agilent Technologies Australia, Mulgrave, Victoria). 
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3.2.4  Growth and nitrogen analyses 
Following gas exchange and leaf disc sampling, the remainder of the LFEL was cut 
and its area was measured using a leaf area meter (LI-3100A, LI-COR, Lincoln, NE, 
USA). The LFEL was oven-dried, weighed then milled to a fine powder. Leaf N 
content was determined on the ground leaf tissue samples using a CHN analyser 
(LECO TruSpec, LECO Corp., MI, USA). Leaf mass per area (LMA, g m-2) was 
calculated as total leaf dry mass/total leaf area. Leaf N per unit area (Narea) was 
calculated as (mmol N g-1)×LMA (g m-2). For leaf dry matter 13C/12C isotopic 
composition (δ13C), ground leaf samples were combusted in a Carlo Erba Elemental 
Analyser (Model 1108) and the CO2 was analysed by mass spectrometry. Isotopic 
composition (δ13C) was calculated [(Rsample-Rstandard)/Rstandard] ×1000, where Rsample and 
Rstandard are the 
13C/12C ratio of sample and standard (Pee Dee Belemnite), respectively. 
Carbon isotope discrimination in leaf dry matter (∆DM) was calculated as described by 
Farquhar and Richards (1984) from the leaf dry matter δ13C and the carbon isotope 
composition of the glasshouse air, δa = 8 ‰ , as ∆DM= (δa − 𝛿
13C)/ (1 +
𝛿13C/1000). 
Plants were harvested 13-15 weeks after transplanting. At harvest, leaves were 
separated from the stems. Total leaf area was determined using a leaf area meter (LI-
3100A, LI-COR, Lincoln, NE, USA). Roots were washed free of soil. Plant materials 
were oven-dried at 80 ºC for 48 h before dry mass (DM) was measured. Total plant 
DM included leaf, stem and root DM. Plant N use efficiency was calculated as the ratio 
of total plant DM (g plant-1)/total leaf N content (g). 
3.2.5 PWUE and PNUE calculations 
Photosynthetic water use efficiency (PWUE) was calculated as A (µmol m-2 s-1)/ gs 
(mol m-2 s-1). Photosynthetic nitrogen use efficiency (PNUE) was calculated as A 
(µmol m-2s-1)/leaf Narea (mmol m
-2).  
3.2.6 Statistical analysis 
Growth, gas exchange and tissue N analysis was performed on 3-4 replicates per 
treatment combination (species x temperature). For species as a main effect, the 
relationship between the various response variables and the main effect (species and 
treatment) and their interactions were fitted using linear model (lm) in R (R Foundation 
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for statistical computing, Vienna, Australia). Given that number of species in each 
subtype is unequal and measurements were taken on multiple individuals within a 
species, each unit cannot be considered as a true independent replicate. Therefore, we 
used linear mixed effect model (lmer) to estimate the fixed effect associated with 
treatment and subtype where species were treated as a random variable. For each 
response variable, the model containing all possible fixed effects were fitted using 
lme4 package (Bates et al., 2013) in R statistical computing program (R Core Team, 
2015b). The model residues were tested for normality and extreme outliers removed 
before refitting models. Significance tests were performed with a parametric bootstrap 
by using the ‘pbkrtest’ package in R (Halekoh and Højsgaard, 2014). 
The influence of subtypes on various response variables related to leaf traits was 
examined using redundancy analysis (RDA) using ‘vegan’ package in R. The dataset 
was standardised using hellinger square root method. The significance of treatment 
and subtype was tested using ANOVA-like permutation tests for the joint effect of 





In this study, species effect was highly significant for all parameters and will not be 
explicitly described in the result sections below. 
3.3.1 Plant growth and leaf chemistry 
PEP-CK species accumulated more biomass and leaf area than NAD-ME and NADP-
ME counterparts (Table 3.2, S3.1, Figure 3.2A). Warming increased plant DM and 
total leaf area by 1.0-6.2 and 0.1-3.6 folds, respectively in the C4 grasses (Tables 3.2, 
S3.2, Figure 3.3A). The effect of warming on these two parameters was independent 
of biochemical subtype (Table 3.2, Figure 3.3A) and decreased with plant size; by the 
final harvest, small cool plants had more time to catch up with their warm-grown 
counterparts relative to the large cool plants (Figure 3.3B). Total plant DM and total 
leaf area were linearly correlated across species and treatments (r2= 0.67) (Figure 
3.3A). Single leaf size increased in some species and decreased in others in response 
to growth at high temperature (Table 3.2). Warming had no consistent effect on 
root/shoot ratio (Tables 3.2 and S3.1).  
Warming increased leaf mass per area, LMA (1-53%) and decreased leaf N per dry 
mass, Nmass (1-29%) in most C4 species, such that leaf N per area, Narea was unchanged 
by growth temperature. Leaf Nmass was higher in cool NAD-ME species relative to cool 
PEP-CK and NADP-ME counterparts, while there was no subtype effect on LMA and 
leaf Narea (Tables 3.2 and S3.1, Figures 3.2 B-C). 
3.3.2 Leaf gas exchange 
The CO2 assimilation rate measured at 25
oC, A25 was higher in NADP-ME relative to 
NAD-ME species in cool grown plants only, while A35 showed no subtype effect 
(Tables 3.2 and S3.2, Figure 3.4A). Warming reduced A25 to a greater extent in NADP-
ME (21%) relative to NAD-ME (7%) and PEP-CK (10%) species. Consequently, 
warming increased CO2 assimilation rate measured at growth temperature, Agrowth to a 
greater extent in NAD-ME species (44%) relative to PEP-CK (19%) and NADP-ME 
(12%) species (Tables 3.2 and S3.2; Figure 3.4A). 
Stomatal conductance measured at 25 oC (gs25) was lowest in cool NAD-ME and warm 
NADP-ME species relative to the other treatments, while gs35 was not different 
between the C4 subtypes (Tables 3.2 and S3.2, Figure 3.4B). Warming reduced gs25 in 
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NADP-ME species and increased it in NAD-ME species, while gs35 showed no 
warming effect (Tables 3.2 and S3.2). When compared at growth temperature, gs growth 
was lowest in the cool NAD-ME relative to the other treatments. When all data points 
were considered, CO2 assimilation rates and stomatal conductance were poorly 
correlated (r2= 0.37); the correlation improved within each temperature treatment, and 
the strongest correlation was between A25 and gs25 in cool plants (r
2= 0.61) (Figure 
3.5A). 
Day-time dark respiration, Rd did not differ between the C4 subtypes, and decreased 
with warming for all treatments. When compared at growth temperature, Rd growth was 
higher in warm relative to cool grown plants (Tables 3.2 and S3.2, Figure 3.4C). Light 
adapted Fv’/Fm’ varied between species but not between subtypes or temperature 
treatment (Tables 3.2 and S3.2). 
3.3.3 Photosynthetic CO2 response curves 
The CO2 response curves were measured at 25 and 35 
oC under saturating light (Figure 
3.6). The initial slope of the A-Ci curve (IS) showed no subtype effect at either 25 
oC 
or 35oC (Tables 3.2 and S3.3, Figure 3.4D). Warming reduced IS25 and IS35 in five and 
two species, respectively and increased IS35 in three C4 species. 
The CO2 saturated rate, CSR differed among the C4 subtypes at 25 
oC but not at 35 oC 
(Tables 3.2 and S3.3, Figure 3.4E). In cool-grown plants, CSR25 was higher in NADP-
ME and lower in NAD-ME species. Warming reduced CSR25 in NADP-ME more than 
in NAD-ME and PEP-CK species, while CSR35 was not affected by warming. The 
IS/CSR ratio was not different among the C4 subtype at 25 
oC, and increased slightly 
with warming at 35 oC (Tables 3.2 and S3.3, Figure 3.4D). At 35 oC, this ratio tended 
to be lower in cool-grown PEP-CK species relative to NAD-ME and NADP-ME 
counterparts. 
The C4 photosynthesis model (von Caemmerer, 2000) was fitted to the A-Ci curves at 
25 oC. In cool plants, Vpmax was highest in NADP-ME and lowest in PEP-CK species, 
while Vcmax showed no subtype effect (Tables 3.2 and S3.3). Warming reduced Vpmax 
and Vcmax to a greater extent in NADP-ME relative to PEP-CK and NAD-ME species. 
Vpmax/Vcmax ratio did not differ among the C4 subtypes and increased with warming to 
a greater extent in PEP-CK species (Tables 3.2 and S3.3). 
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3.3.4 Activity of photosynthetic enzymes 
NAD-ME species had higher leaf Rubisco content and activity relative to PEP-CK and 
NADP-ME species, while PEPC activity showed no subtype effect (Tables 3.2 and 
S3.4). Warming reduced leaf Rubisco content and activity for NADP-ME and PEP-
CK species and increased Rubisco activation for PEP-CK and NAD-ME species 
(Table S3.4, Figure 3.7A-C). In addition, warming reduced PEPC activity in C. ciliaris 
and S. bicolor and increased it in Z. mays. The ratio of PEPC to Rubisco activity tended 
to be lower in NAD-ME relative to the other two subtypes, and was not significantly 
affected by the warming treatment (Tables 3.2 and 3.6). 
The activity of NADP-ME, PEP-CK and NAD-ME decarboxylases was dominant in 
their respective subtypes; however, substantial PEP-CK activity was observed in 
NADP-ME and NAD-ME species (Tables 3.2 and S3.4, Figure 3.7D). Total 
decarboxylase activity was higher in NADP-ME relative to the other two subtypes, 
particularly under the cool treatment (Tables 3.2 and S3.4, Figure 3.7F). In NADP-ME 
species, warming reduced the activity of NADP-ME and PEP-CK enzymes. In 
contrast, warming had no effect on the activity of the decarboxylases in NAD-ME and 
PEP-CK species (Tables 3.2 and S3.4). 
3.3.5 Water and nitrogen use efficiency 
There were significant subtype and warming effects on photosynthetic water use 
efficiency (PWUE), Ci/Ca, leaf dry matter isotopic composition (δ
13C) and carbon 
isotope discrimination calculated from δ13C (DM) (Tables 3.2 and 3.3). At 25 
oC, 
NADP-ME plants had greater PWUE (and lower Ci/Ca) relative to NAD-ME and PEP-
CK counterparts in the warm but not in the cool treatment (Tables 3.2 and 3.3). 
Warming reduced PWUE and increased Ci/Ca to a greater extent in NAD-ME species 
relative to the other two C4 subtypes (Tables 3.2 and 3.3). Leaf δ
13C was lowest (more 
negative) in NAD-ME, intermediate in PEP-CK and highest in NADP-ME species. 
Similarly, calculated DM was highest in NAD-ME and lowest in NADP-ME species 
(Tables 3.2 and 3.3). Warming increased (less negative) δ13C and reduced DM to a 
greater extent in NAD-ME relative to NADP-ME and PEP-CK species. The Farquhar 
discrimination model (Farquhar, 1983; Henderson et al., 1992) for C4 photosynthesis 
was used to describe the relationship between DM (calculated from leaf dry matter 
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δ13C) and Ci/Ca measured at growth temperature. Accordingly, the model predicted a 
range of leakiness varying between 20-40%, depending on species and temperature 
treatment (Figure 3.5B). There was no subtype effect on PNUE or plant NUE. 
Warming increased PNUE but had no effect on plant NUE (Tables 3.2 and 3.3). 
3.3.6 Correlations between physiological and biochemical parameters 
PEPC and Rubisco correlated strongly but differently depending on the C4 subtype, 
with relationships for PEP-CK and NADP-ME species having a higher slope relative 
to NAD-ME species (Table 3.8, Figure 3.8A). This is consistent with the lower PEPC 
to total Rubisco activity ratio in the NAD-ME species (Table S3.4). Assimilation rate 
correlated well with Rubisco, PEPC and total decarboxylase activity within each 
species; the relationship was poor when all data points were considered (Table 3.8, 
Figure 3.8 D, G and J). Total Rubisco activity and leaf Narea were well correlated, 
particularly for the cool treatment (Table 3.8, Figure 3.8E). The activity of PEPC and 
the decarboxylases showed weak relationships with leaf Narea for most species (Table 
3.8, Figure 3.8H and K). IS and CSR were well correlated within most species as well 
as when all data points were considered (Table 3.8), however, Vpmax and Vcmax showed 
good relationships only for some species (Table 3.8, Figure 3.8C). PEPC to total 
Rubisco ratio did not correlate with the ratio of IS/CSR or Vpmax/Vcmax (Table 3.8, 
Figure 3.8 F and I). The relationship between IS/CSR or Vpmax/Vcmax showed a 
moderately significant relationship when all data points were taken together (Table 
3.8, Figure 3.8L). The CO2 assimilation rate and Fv’/Fm’ showed no relationship except 
for Z. mays (Table 3.8). 
3.3.7 Redundancy analysis 
Canonical RDA of the leaf derived parameters showed that the constrained variables 
(subtype and treatment) explained 33.3% of the variation in the data (Figure 3.9). An 
overall permutation test of significance showed that the canonical r2 between subtype 
and treatment is significant (p < 0.001 and p < 0.05, respectively). The first two 
canonical axes explained 18.8% and 6.8%, respectively of the variation in the data 
(Figure 3.11). Higher decarboxylase activity was associated with the cool treatment 
while higher Rubisco activation was associated with the warm treatment. The NAD-
ME subtype separated from NADP-ME and PEP-CK subtypes; high leaf Narea was 
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associated with the NAD-ME while high PEPC activity was associated the other two 
subtypes. High decarboxylase activity distinguished the NADP-ME while high 
Rubisco activation and PNUE distinguished the NAD-ME subtype (Figure 3.9). 
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3.4 Discussion  
Although reduced photosynthetic capacity is well documented for C4 species grown in 
warm temperatures (Pearcy and Harrison, 1974; Pearcy et al., 1977; Dwyer et al., 
2007), less is known about underlying mechanisms, particularly in relation to the three 
C4 biochemical subtypes of grasses (Sage et al., 2010). Further, phenomenological 
responses of photosynthesis to high temperature are more often studied than the 
underling mechanisms that control thermal acclimation in C4 photosynthesis (Way and 
Yamori, 2014). To my knowledge, only one study compared underlying mechanisms 
of high temperature acclimation in different C4 subtypes; however, this study 
compared monocots and dicots and overlooked key parameters like Rubisco activation 
state (Dwyer et al., 2007). C4 photosynthesis is biochemically diverse (Hatch, 1987), 
with significant phylogenetic diversity occurring among the C4 grasses. The current 
study addressed the underlying mechanisms of high temperature acclimation in eight 
grasses representing three biochemical subtypes of C4 photosynthesis and three major 
phylogenetic groups, including commercially important crop species i.e. Z. mays and 
S. bicolor. These grasses were grown at 24/19 oC (cool) or 34/25 (warm) day/night 
temperature regimes under high natural light. The current study is important because 
it demonstrated differential thermal acclimation responses and mechanisms among C4 
grasses with different biochemical subtypes. 
3.4.1 Stronger photosynthetic acclimation in NADP-ME species due to higher 
down-regulation of C3 and C4 cycle activity 
In the current study, warming decreased CO2 assimilation rate at 25
oC, A25 to a greater 
extent in NADP-ME species (21%) relative to NAD-ME and PEP-CK (7-10%) 
species. The reduction of A25 in NADP-ME species is comparable (37%) with an 
earlier study by Dwyer et al (2007). Previous studies using NAD-ME dicot (Atriplex 
lentiformis) and monocot (P. coloratum) reported greater (25% and 28%, respectively) 
decreases in A when measured at their respective cool growth temperature (Pearcy and 
Harrison, 1974; Dwyer et al., 2007). This discrepancy may arise from different growth 
environments, with one study (Pearcy and Harrison, 1974) conducted in natural habitat 
with contrasting temperature regimes while the other was conducted in growth 
cabinets with 10 hr photoperiod of 550 µmol quanta m-2 s-1 (Dwyer et al., 2007). The 
current study was conducted in a temperature controlled glasshouse with natural high 
light environment (1528 µmol m-2 s-1).  
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Reduced A25 in warm-grown plants can be related to factors such as high temperature 
mediated reduction in photosynthetic capacity and leaf nitrogen. For NADP-ME 
species, PEPC and Rubisco activity decreased (23% and 26%, respectively) to a 
greater extent than in NAD-ME and PEP-CK species. Reduced Rubisco activity in 
NADP-ME species was caused by lower Rubisco sites and was reflected by lower in 
vivo CO2 saturated rate (CSR) and Vcmax (Table S3.5). Moreover, decreased PEPC 
activity corresponded to a decrease in the initial slope, IS (Table S3.5). 
NAD-ME species showed unchanged Rubisco activity associated with unaffected 
Rubisco sites and increased Rubisco activation (51%) at warm temperature. Though 
unchanged Rubisco activity was not complemented by CSR and Vcmax in NAD-ME 
species, warming reduced CSR and Vcmax to a lesser extent in NAD-ME species 
relative to the NADP-ME counterparts. Further, PEPC activity was unchanged and 
was in line with unchanged Vpmax but not with IS. For PEP-CK species, warming 
reduced Rubisco and PEPC activity intermediately to NAD-ME and NADP-ME 
counterparts. Further, this reduction of Rubisco activity was corroborated by the 
response of Vcmax and CSR, while reduction of PEPC activity was reflected in response 
of IS. High temperature reduced total decarboxylases (DCs) to a greater extent in 
NADP-ME (38%), intermediately in PEP-CK (14%) while DCs were increased in 
NAD-ME species (11%). In summary, high temperature reduced the activity of 
photosynthetic carboxylases and decarboxylases in NADP-ME species; this reduction 
was small for PEP-CK species, and undetectable in NAD-ME species.  
Leaf Narea was reduced by 2-5% across all the C4 species. This suggests that, stronger 
photosynthetic acclimation to warming in NADP-ME species was driven by a greater 
and equal down-regulation of the C4 and the C3 cycle relative to their NAD-ME and 
PEP-CK counterparts. In support of the first hypothesis, warming benefited NADP-
ME species by improving Rubisco carboxylation to a greater extent than for NAD-ME 
and PEP-CK species. This may be related to the lack of PSII activity in the BSC of the 
former subtype (Ghannoum et al., 2005). Warming enhanced PNUE of NADP-ME 
species as a result of reduced Rubisco content/activity and PEPC activity, hence, 
following a conservative N allocation approach in response to increased 
photosynthetic capacity. In NAD-ME and PEP-CK species, warming may have 
engaged Rubisco sites in photorespiration, demanding a higher amount of Rubisco 
content to maintain high photosynthetic rates. Warming increased PNUE to a higher 
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extent for NAD-ME species (51%) than the other two subtypes (22-29%). The greater 
increase in PNUE for NAD-ME species can be attributed to the higher increased in 
Rubisco activation (50%) relative to NADP-ME (4%) and PEP-CK (25%) species. It 
is worth noting that Dwyer et al (2007) suggested that warming will facilitates a higher 
PNUE through more efficient use of enzymes in all C4 plants. But subtype level 
response in monocots was unclear. Using a number of C4 grasses, the current study 
demonstrated different effects of warming on C4 subtypes.  
Earlier studies in C3 plants including spinach, tobacco, cotton, wheat and Arabidopsis 
observed production of single or multiple isoform of Rubisco activase under high 
temperature acclimation (Crafts-Brandner et al., 1997; Kallis et al., 2000; Law et al., 
2001; Law and Crafts-Brandner, 2001; Portis, 2003). In C4 Z. mays, Rubisco activation 
decreased with short-term increase in the leaf temperature (Crafts-Brandner and 
Salvucci, 2002). However, for the same species under long-term heat stress, Rubisco 
activation was increased due to the appearance of a novel activase polypeptide (Crafts-
Brandner and Salvucci, 2002). Further, (Hendrickson et al., 2008) in C4 Flaveria 
bidentis demonstrated that Rubisco activase content was not the only rate limiting 
factor during short-term temperature response. It would be interesting to know whether 
variation in Rubisco activation among C4 subtypes is attributed to Rubisco activase in 
terms of its isoform and number of isoforms or any other factors during long-term high 
temperature acclimation. 
3.4.2 Stomatal acclimation in NAD-ME species  
Although there was a general correlation between A and gs, warm-grown NAD-ME 
species showed up-regulation of stomatal conductance when measured at 25oC, gs 25 
(41%) despite down-regulation in A25; whereas in other species, gs changed in line with 
A. Earlier studies reported such classical correlation of stomatal conductance (gs) in 
line with A irrespective of growth environment and C4 subtype (Carmo-Silva et al., 
2007; Dwyer et al., 2007; Pengelly et al., 2010; Ghannoum et al., 2011; Pinto et al., 
2014; Pinto et al., 2015). 
Observed stomatal acclimation for warm-grown NAD-ME species can be related to 
increased: CO2 demand; stomatal openness; stomatal density and index. Intracellular 
CO2 (Ci) is thought to provide a key controlling mechanism linking stomatal behavior 
with photosynthetic rate (Mott, 2009; Lawson et al., 2010). For NAD-ME species, 
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increase in the C4 (IS) and the C3 (CSR) cycle activity (87% and 35%, respectively) 
under high temperature was relatively higher than the NADP-ME species (73% and 
16%, respectively). Such a response implies that warm-grown NAD-ME species had 
higher demand of CO2 relative to the NADP-ME species. However, at 25
oC, Ci/Ca 25 
was 40% higher in warm than cool NAD-ME species suggesting that increased in gs 
is not attributed to the reduced Ci. Likewise, recent transgenic studies with antisense 
silencing of Rubisco in C3 and C4 plants confirmed that stomatal conductance was 
irresponsive to increased Ci in mutant as compared to wild plants (von Caemmerer et 
al., 2004; Baroli et al., 2008).  
In addition, stomatal openness is regulated by leaf hydraulic conductance (Kleaf) and 
guard cell response to chemical signals (Brodribb and Jordan, 2008; Lawson et al., 
2010). Kleaf is highly dynamic, varying with temperature and irradiance (Sack and 
Holbrook, 2006). Increased Kleaf under warming has been observed in tobacco to meet 
a greater transpiration demand (Hu et al., 2014). Further, Kleaf was related to minor 
vein density (MVD) (Hu et al., 2014). Accordingly, the observed stomatal conductance 
response could be attributed to differences in MVD, especially under warming among 
the C4 subtype. Higher Rubisco content in warm NAD-ME species relative to the other 
two subtypes could depicts higher MVD in the NAD-ME species. Because increased 
in MVD increases the number of BSC, hence more volume to house Rubisco (Sage 
and McKown, 2006). However, further investigations are needed to confirm this 
hypothesis. 
Furthermore, in higher plants, stomatal opening is achieved through the accumulation 
of high levels of solutes in guard cell vacuoles. The accumulation of potassium ions 
requires anions (like malate or chloride) to provide charge balance and to maintain 
membrane potential (Allaway, 1973; Raschke, 1975; Outlaw and Lowry, 1977). 
Malate produced via PEPC is believed to contribute to guard cell metabolism and 
thought to be directly linked to carbon metabolism (Vavasseur and Raghavendra, 
2005). In C3 photosynthesis, the role of PEPC for malate synthesis during stomatal 
opening was confirmed using PEPC inhibitors and antisense or overexpression of 
PEPC enzyme (Parvathi and Raghavendra, 1997; Asai et al., 2000). Recently, in C4 
photosynthesis the role of C4 PEPC in stomatal opening has been confirmed using 
PEPC mutant in Amaranthus edulis (Cousins et al., 2007). In the current study, 
warming showed unchanged PEPC activity in NAD-ME species relative to the NADP-
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ME and PEP-CK species. It will be interesting to investigate whether guard cell PEPC 
activity show the same response as the C4-MC isoform in the various C4 subtype under 
warming. If so, then unchanged PEPC activity of warm NAD-ME species could be 
linked to their higher stomatal conductance. 
Earlier studies reported inconsistent response of stomatal density and index to 
warming for C3 and C4 species (reviewed in Way et al (2015)). In the C4 Z. mays 
species, warming increased stomatal aperture and index while density was unchanged 
(Zheng et al., 2013). However, changes in stomatal anatomy do not always translate 
as changes gs (Lawson et al., 2010). But such information is lacking for the current 
study. In addition, Lu et al (2000) suggested that guard cell respiration is a component 
of the sensory transduction pathway controlling stomatal responses in cotton. This is 
an unlikely factor in the current study, because dark respiration was more reduced in 
NAD-ME (34%) relative to the NADP-ME and PEP-CK species (12-24%). 
As a consequence of stomatal acclimation in NAD-ME species, warming reduced 
PWUE at 25oC greatly for NAD-ME species (35%) while it was slightly increased for 
NADP-ME (6%) and decreased for PEP-CK species (8%). However, warming reduced 
PWUE at growth by 8% for NAD-ME species while it was increased by 6-8% in 
NADP-ME and PEP-CK species. Moreover, WUE of C4 grasses was related to 
stomatal traits (Ghannoum et al., 2002; Taylor et al., 2012); and stomatal patterning 
shows a strong phylogenetic signal in grasses (Liu and Osborne, 2015). Using a higher 
number of C4 grasses from different evolutionary lineages grown at inter-glacial and 
ambient [CO2], Pinto et al (2015) demonstrated that variations in PWUE among C4 
grasses were associated with the evolutionary lineages and not with C4 subtype. Hence, 
further studies are required to resolve subtype or lineage effect of thermal acclimation 
on PWUE in C4 grasses. 
3.4.3 Consequences of acclimation responses on ∆DM and plant dry matter 
In line with earlier studies, at ambient environment ∆DM calculated from dry matter 
δ13C was higher in NAD-ME relative to the NADP-ME species (Hattersley, 1982; 
Buchmann et al., 1996b; Cousns et al., 2008). Kubásek et al (2007) reported reduction 
in ∆DM at highest growth temperature (36 
oC) for monocot NADP-ME and dicot NAD-
ME species due to increased CCM efficiency as probed by leakiness (ϕ). Such 
acclimation response for monocot NAD-ME and PEP-CK species was unclear. 
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However, in current study warming decreased leaf δ13C to a greater extent in NAD-
ME (14%) relative to the PEP-CK and NAD-ME species (6-7%). This can be 
explained by two mechanisms. First, because of stomatal acclimation, Ci/Ca at warm 
growth environment was unchanged for NAD-ME while it was reduced in warm 
NADP-ME and PEP-CK species (14-16%) relative to their cool counterparts. Reduced 
Ci/Ca can lead to an increased stomatal component of carbon isotope discrimination, 
hence more negative δ13C for NADP-ME and PEP-CK than NAD-ME species. 
Second, IS/MR ratio increased to a lesser extent for NAD-ME (38%) than NADP-ME 
species (49%) under warming when measured at growth temperatures. Consequently, 
C3 cycle is faster than C4 cycle in warm-grown NAD-ME species, leading to lower ϕ 
in NAD-ME relative to NADP-ME species, hence less negative δ13C in NAD-ME 
species. Subsequently, warming reduced leaf δ13C (less negative) for NAD-ME 
species by enhancing Ci/Ca and CCM efficiency relative to the NADP-ME and PEP-
CK counterparts. However further measurements with online carbon isotope 
discrimination are needed to support this conclusion. 
Together with enhanced CCM efficiency and PNUE under warming, plant DM was 
increased to a greater extent for NAD-ME species relative to the other two subtypes. 
In the current study, unchanged photosynthetic capacity under warming in NAD-ME 
species led to a higher increase in plant DM (6.35 fold) relative to other two subtypes 
(1-1.5 fold). Osmond et al (1980) observed three to five fold increase in biomass for 
warm habitat C4 Artiplex under warming with higher biomass allocation to the shoot 
(Björkman et al., 1972). However, such information for diverse C4 grasses was 
missing. Such high enhancement of plant DM for NAD-ME species can be explained 
by three important carbon uptake or conservation strategies under warming: higher 
Agrowth; lesser reduction in A/Rd ratio at growth temperature; and higher leaf area in 
NAD-ME species relative to their NADP-ME and PEP-CK counterparts. However, 
phylogenetic history may reflect difference in environmental responses (Edwards et 
al., 2007; Edwards and Still, 2008). Therefore, further studies with large number of 
species covering C4 lineages are required to reconcile subtype or lineage effect on 
thermal acclimation of C4 grasses. 
3.5 Conclusions 
This study demonstrated a stronger photosynthetic acclimation in NADP-ME species 
relative to PEP-CK and NAD-ME species under warming. This acclimation response 
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for NADP-ME species was underpinned by a higher down-regulation of C3 and C4 
cycle activity. These findings were corroborated by in vivo and in vitro measurements 
of C3 and C4 cycle enzymes. Observed increase in PNUE for warm NAD-ME species 
was attributed to up-regulation of Rubisco activation. Independently of photosynthetic 
acclimation, this study reported stomatal acclimation to warming in NAD-ME species. 
As a consequence of acclimation responses, CCM efficiency was enhanced for NAD-
ME relative to the other two subtypes. This was supported by increased total plant dry 
mass. Future research is needed to unravel the bases for increased Rubisco activation 





Table 3.1: C4 grasses used in the current study 
 
C4 subtype C4 tribe 
Paniceae Andropogoneae Chloridoideae 
NADP-ME Cenchrus ciliaris Zea mays 
Sorghum bicolor 
 











Table 3.2: Statistical summary 
Summary of statistical analysis using 2-way ANOVA to test for the effects of species and temperature treatment (left-hand side), and linear mixed effect model to test for 
subtype and temperature treatment effects with species considered as random variable (left-hand side). Significance levels are ns, not significant (p > 0.05); * p < 0.05; ** p < 
0.01; *** p < 0.001. 
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Table 3.3: Summary of resource use efficiency parameters. 
Resources use efficiency parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperatures. Values are means ± SE (n= 3-4). Letters indicate the ranking 
(lowest =a) of species within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. Significant 
fold changes (warm/cool) are shown in bold (p < 0.05). 
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula 
cool 0.39±0.05a 0.36±0.04a 0.4±0.06a 0.48±0.02a 0.44±0.01a 0.43±0.03a 0.43±0.02a 0.4±0.02a
warm 0.42±0.01ab0.34±0.04a 0.37±0.02a 0.43±0.02ac 0.56±0.01bc 0.49±0.01ac 0.59±0.06c 0.57±0.05bc
fold change 1.1 0.95 0.91 0.9 1.27 1.15 1.37 1.44
cool 0.35±0.04ac0.33±0.02ab0.31±0.01a 0.44±0.03bc 0.45±0.02c 0.34±0.03ac 0.31±0.01a 0.38±0.01ac
warm 0.25±0.02a 0.35±0.03ac0.35±0.03ac 0.31±0ab 0.41±0.03bc 0.43±0.03c 0.44±0.01c 0.39±0.03bc
fold change 0.71 1.08 1.14 0.72 0.93 1.26 1.41 1
cool 133±12a 131±14a 114±15a 103±5a 110±2a 130±4a 126±6a 137±3a
warm 126±3cd 136±10d 128±3d 113±5bd 86±1ab 110±2ad 85±11a 95±4abc
fold change 0.94 1.04 1.12 1.1 0.79 0.85 0.67 0.69
cool 134±8b 125±4ab 127±2ab 104±8a 105±5a 141±6b 145±3b 135±4b
warm 156±3c 118±6ab 124±6ab 132±1ac 107±7a 116±7ab 112±2ab 134±7bc
fold change 1.16 0.95 0.98 1.27 1.02 0.83 0.77 1
cool -13±0c -13±0c -13±0c -13±0c -14±0b -15±0ab -15±0a -14±0b
warm -11±0d -13±0ab -12±0c -13±0a -13±0a -13±0a -13±0ab -13±0bc
fold change 0.89 0.97 0.94 1.01 0.94 0.89 0.84 0.88
cool 4.8±0a 5.5±0.1a 5±0.1a 5.4±0.3a 6.5±0.3b 7.2±0.1bc 7.4±0c 6.6±0.2b
warm 3.4±0.2a 5.1±0.1ce 4.2±0.1b 5.5±0.1de 5.6±0.2e 5.6±0.1e 4.9±0.1cd 4.6±0.1bc
fold change 0.71 0.93 0.84 1.01 0.86 0.78 0.66 0.7
cool 35±1c 20±1a 33±1c 33±1c 33±1c 25±1b 22±0a 20±0a
warm 27±1cd 21±1b 23±1bc 33±1d 30±1d 23±0bc 29±2d 15±1a
fold change 0.77 1.07 0.7 1 0.93 0.94 1.34 0.74
cool 76±1bcd 90±11d 87±4d 80±3cd 78±8bcd 62±4ac 51±3a 53±2ab
warm 142±6ab 387±53c 107±4a 192±16b 166±12ab 106±8ab 98±8a 83±9a
fold change 1.87 4.28 1.23 2.39 2.13 1.71 1.93 1.58
Plant NUE                     
(g (g leaf N)
-1
)
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Figure 3.1: Glasshouse growth conditions. 
Daily averages of air temperature (oC) measured by sensors placed in the middle of the glasshouse 
chamber (A) or at leaf-level (C). Relative humidity (%) (B) and vapour pressure deficit, VPD (kPa) (C) 
measured at leaf-level in the cool (blue) and warm (red) temperature treatments. Values are means of 
30 days during the active period of plant growth. The solid lines represent the growth averages, while 
the faint data points show all collected values. Mid-day averages of environmental conditions are also 




Figure 3.2: Plant growth parameters. 
Total plant dry mass (A), leaf mass per area, LMA (B), leaf [N]mass (C) and leaf carbon isotope 
composition (δ13C) (D) for eight C4 grasses from three biochemical subtypes grown at cool (white) or 
warm (black) air tempreture. Each column represents the treatment means ± SE for each subtype. 
Statstical significance levels (t-test) for the growth condition within each subtype are shown and they 





Figure 3.3: Relationship between plant growth parameters. 
Relationship between total leaf area and total plant dry mass (A) and relationship showing the effects 
of warming on total DM (warm/cool plant DM) against mean cool plant DM (B) for eight C4 grasses 
from three biochemical subtypes grown at cool (white) or warm (black) air tempreture. Lines are 





Figure 3.4: Gas exchange parameters 
CO2 assimilation rate, A (A), stomatal conductance, gs (B) and dark respiration, Rd (C), initial slope of 
ACi curves, IS (D), CO2 saturated rate, CSR (E) and IS/CSR (F) measured at 25 oC or growth 
temperature for eight C4 grasses from three biochemical subtypes grown at cool or warm air 
temperature. Columns represent subtype means ± SE. Letters indicate the ranking (lowest = a) of 
treatment means for each subtype using multiple-comparison Tukey test. Values followed by the same 




Figure 3.5: Relationships of A versus gs and ∆DM versus Ci/Ca. 
CO2 assimilation rates, A as a function of stomatal conductance, gs measured at 25 and 35 oC (A) and 
carbon isotope discrimination estimated from leaf δ13C, ∆DM as a function of Ci/Ca measured at growth 
temperature (B) in eight C4 grasses belonging to three biochemical subtypes grown at cool (blue) or 
warm (red) air temperature. Model line in B is the predication from the equation: ∆𝐷𝑀= 2 + 𝑎 +
 ϕ(𝑏3 − 𝑠) − 𝑎)𝐶𝑖/𝐶𝑎 − 𝑓 (
Г∗
𝐶𝑎
) , where, a = 4.4‰, s = 1.8 ‰, b3 = 29‰, ϕ = 20 %, f = 12‰, Ca= 400 





Figure 3.6: Photosynthetic CO2 response curves (A-Ci) of eight C4 grasses. 
Responses of CO2 assimilation rate to increasing intracellular CO2 were measured at 24 (dashed line 
and open symbol) or 34oC (straight line and close symbols) in C4-NADP-ME (A-C), C4-PEP-CK (D-F) 
and C4-NAD-ME (G-H) grasses grown at cool (blue circles) or warm (red triangles) air temperature. 




Figure 3.7: Relationships among in vivo and in vitro photosynthetic parameters. 
In vivo and in vitro photosynthetic parameters measured at 25 oC for 8 C4 grasses belonging to three 
biochemical subtypes grown at cool or warm air temperature. Straight lines are linear regressions for 




Figure 3.8: Biochemical parameters. 
Rubisco sites (A), Rubisco activation (B), Rubisco activity (C), PEPC activity (D), PEP-CK activity (E) 
and total decarboxylases activity (F) for eight C4 grasses from three biochemical subtypes grown at cool 
(white) or warm (black) air temperature. Columns represent treatment means ± SE for each subtype. 
Statstical significance levels (t-test) for the growth condition within each subtype are shown and they 




Figure 3.9: RDA tri-plot for leaf level parameters. 
Redundancy analysis (RDA) using leaf traits: photosynthetic rate (A), stomatal conductance (B), ratio 
of intracellular to ambient CO2 (C), PWUE (D), PNUE (E), leaf N[area] (F), LMA (G), leaf N[mass] (H), 
leaf size (I), total leaf area (J), dry matter-derived C isotope discrimination, ∆DM (K), initial slope of A-
Ci curve, IS (L), CO2 saturated rate, CSR (M), ratio of IS to CSR (N), Vpmax25 (O), Vcmax25 (P), Rubisco 
sites (Q), Rubisco activation (R), total Rubisco activity (S), PEPC activity (T), total decarboxylases 
activity (U), ratio of Vpmax to Vcmax (V) ratio of PEPC to Rubisco activity (W) and protein content (X) 
measured for eight C4 grasses belonging to three biochemical subtypes (NADP-ME, PEP-CK, NAD-
ME) grown at cool or warm air temperature. Measured parameters are shown in points and the 
experimental factors (subtype and treatment) are shown in black arrows. 
91 
 
Table S 3.1: Summary of plant growth parameters 
Growth parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperatures. Values are means ± SE (n= 3-4). Letters indicate the ranking (lowest = a) of 
species within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. Significant fold changes 
(warm/cool) are shown in bold (p < 0.05). 
 
  
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula 
cool 24±3bc 30±2c 25±2c 64±4d 33±8c 67±3d 7±2ab 3±0a
warm 91±4d 70±3bc 34±1a 138±8e 93±5cd 89±5cd 58±3b 18±3a
fold change 3.84 2.38 1.35 2.18 2.83 1.32 7.81 5.93
cool 0.23±0.03b 0.14±0.01ab0.23±0.03b 0.56±0.02d 0.39±0.06c 0.51±0.03cd 0.11±0.03ab 0.02±0a
warm 0.47±0.03b 0.22±0.07a 0.22±0.01a 0.65±0.06b 0.57±0.06b 0.5±0.04b 0.45±0.04b 0.15±0.01a
fold change 2.02 1.61 0.96 1.16 1.45 0.97 4.21 7.12
cool 21±0b 95±7c 313±34d 67±2c 69±4c 30±3b 32±3b 8±1a
warm 20±2ab 363±17c 344±10c 52±1b 44±3ab 23±1ab 42±2ab 15±1a
fold change 0.95 3.83 1.1 0.77 0.63 0.75 1.34 1.91
cool 0.15±0.01a 0.14±0.03a 0.16±0.01a 0.23±0.02a 0.18±0.04a 0.23±0.03a 0.2±0.04a 0.18±0.01a
warm 0.41±0.01c 0.09±0.01a 0.13±0.01ab 0.14±0.01ab 0.2±0.02b 0.21±0.05b 0.15±0.01ab 0.09±0a
fold change 2.65 0.64 0.81 0.59 1.09 0.91 0.75 0.47
cool 28±1a 46±1d 36±0bc 28±2a 27±1a 32±1ab 36±2bc 40±3cd
warm 43±2bcd 46±1cd 41±1bcd 37±1ac 31±1a 39±1ac 36±0ab 50±5d
fold change 1.53 0.98 1.13 1.33 1.16 1.21 1.01 1.25
cool 1.18±0.04a 2.03±0.11c 1.29±0.09a 1.18±0.06a 1.18±0.04a 1.34±0.07a 1.43±0.1ab 1.74±0.07bc
warm 1.26±0.08ab1.44±0.11abc1.44±0.06b 1.11±0.08ab 1±0.02a 1.47±0.06bc 1.19±0.12ab 1.89±0.18c
fold change 1.07 0.71 1.11 0.94 0.85 1.1 0.83 1.09
cool 42±0ab 42±1ab 38±1a 43±2ab 42±3ab 39±1a 42±1ab 47±1b
warm 33±1a 36±2a 35±1a 28±3a 32±1a 34±2a 35±4a 38±1a
fold change 0.8 0.84 0.93 0.66 0.76 0.86 0.83 0.8
Parameater Treat NADP-ME PEP-CK NAD-ME
Total DM    (g plant
-1
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Table S 3.2: Summary of gas exchange parameters. 
Gas exchange parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperature. Values are means ± SE (n= 3-4). Letters indicate the ranking (lowest = a) of 
species within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. Significant fold changes 
(warm/cool) are shown in bold (p < 0.05). ‘-’ indicates that data is not available. 
 
 
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula 
cool 47±3c 42±1bc 44±2c 41±2bc 40±1bc 38±2ab 35±3a 40±3ac
warm 41±4ab 38±4ab 36±2ab 38±2b 37±3ab 40±3ab 38±3ab 38±5a
fold change 0.87 0.9 0.81 0.92 0.92 1.04 1.08 0.93
cool 54±2c 45±0ab 47±1b 44±1ab 42±1ab 42±1a 41±1a 46±2ab
warm 50±3c 46±1ac 39±1a 40±2ab 44±0ac 46±1bc 44±1ac 47±2bc
fold change 0.92 1.02 0.83 0.91 1.04 1.1 1.07 1.03
cool 0.31±0.03a 0.31±0.03a 0.38±0.08a 0.37±0.02a 0.34±0.01a 0.25±0.02a 0.23±0.02a 0.25±0.01a
warm 0.26±0.02ab 0.22±0.03a 0.25±0.01ab 0.31±0.02ab 0.34±0.01b 0.3±0.01ab 0.39±0.06b 0.3±0.03ab
fold change 0.84 0.72 0.67 0.84 1.01 1.17 1.68 1.16
cool 0.4±0.03b 0.36±0.01ab 0.37±0.01ab 0.43±0.04b 0.4±0.01b 0.3±0.02a 0.29±0.01a 0.34±0.02ab
warm 0.32±0.01a 0.39±0.03a 0.31±0.02a 0.31±0.02a 0.41±0.03a 0.4±0.03a 0.39±0.01a 0.36±0.03a
fold change 0.79 1.08 0.84 0.71 1.02 1.33 1.38 1.04
cool 0.6±0a 1.5±0.1c 0.8±0.1a 0.7±0.1a 1.2±0.1bc 0.8±0a 0.6±0a 0.9±0.1ab
warm 0.4±0a 0.6±0.1ab 1.2±0.2c 0.7±0ab 1±0.1bc 0.7±0.1ab 0.5±0.1a 0.5±0a
fold change 0.63 0.42 1.41 1.01 0.85 0.86 0.85 0.53
cool 1.3±0.2ab 3.9±1.1c 2.7±0.3bc 1.1±0a 1.9±0.1ac 1.4±0.1ab 1.8±0.1ac 2.4±0.2bc
warm 1±0.2a 1.6±0bc 2.6±0.1c 1±0.1ab 1.6±0.1bc 1±0.1ab 1.2±0.2ab 1.6±0.2bc
fold change 0.74 0.41 0.96 1 0.88 0.77 0.66 0.68
warm − − 0.45±0.01b − 0.41±0ab 0.42±0.07ab 0.34±0a −
fold change − − 0.43±0ab − 0.42±0.02ab 0.45±0.02b 0.33±0.03a −
fold change − − 0.94 − 1.03 1.09 0.99 −
cool − 0.34±0.01a 0.42±0a 0.39±0.03a 0.39±0.01a 0.37±0.06a 0.36±0.01a −
warm − 0.35±0.01a 0.45±0b 0.36±0a 0.42±0.01b 0.44±0b 0.35±0.01a −
fold change − 1.03 1.08 0.92 1.07 1.18 0.96 −
Parameater Treat NADP-ME PEP-CK NAD-ME
Fv'/Fm' at 35 
o
C
Fv'/Fm' at 25 
o
C
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Table S 3.3 Summary of A-Ci derived parameters. 
A-Ci derived parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperature. Values are means ± SE (n= 3-4). Letters indicate the ranking (lowest = a) of 
species within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. Significant fold changes 
(warm/cool) are shown in bold (p < 0.05). 
 
  
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula 
cool 0.27±0.04a 0.39±0bc 0.44±0.01c 0.29±0.01ab 0.31±0.03ab 0.31±0.02ab 0.32±0.03ab 0.35±0.01ac
warm 0.21±0.02a 0.34±0.02c 0.33±0.02bc 0.3±0.01ac 0.23±0.01ab 0.28±0.01ac 0.31±0.03ac 0.24±0.03ab
fold change 0.79 0.88 0.74 1.04 0.75 0.93 0.97 0.67
cool 0.61±0.05b 0.59±0.03b 0.51±0.03ab 0.37±0ab 0.34±0.03a 0.42±0.04ab 0.56±0.03ab 0.57±0.11ab
warm 0.93±0.12b 0.5±0.03a 0.41±0.01a 0.51±0.05a 0.44±0.03a 0.49±0.02a 0.51±0.01a 0.74±0.03b
fold change 1.53 0.84 0.8 1.36 1.3 1.15 0.9 1.31
cool 43±1c 44±1c 42±3bc 41±1bc 38±2ac 36±1ab 33±1a 40±1ac
warm 32±2a 31±1a 34±1a 36±1a 30±1a 36±1a 33±1a 31±2a
fold change 0.73 0.7 0.81 0.89 0.79 1 0.99 0.77
cool 60±2c 50±0ab 50±4ab 50±1ab 47±1ab 49±2ab 45±0a 54±1bc
warm 54±2ab 51±2ab 42±3a 45±2ab 46±3ab 52±1ab 44±1a 55±4b
fold change 0.89 1.02 0.84 0.9 0.97 1.05 0.98 1.02
cool 6.2±0.9a 9.5±1ab 10.6±0.9b 7.1±0ab 8±0.4ab 9±1.1ab 9.5±0.9ab 8.8±0.5ab
warm 7.7±0.9a 11.2±0.6b 9.6±0.3ab 8.3±0.2a 7.7±0a 7.9±0.2a 9.3±0.8ab 7.6±0.8a
fold change 1.24 1.18 0.9 1.17 0.96 0.88 0.98 0.86
cool 0.01±0.001ab 0.012±0.001b 0.01±0ab 0.008±0a 0.007±0.001a 0.009±0.001ab 0.012±0b 0.01±0.002ab
warm 0.017±0.002c 0.01±0.001ab 0.01±0ab 0.011±0.001ab 0.01±0a 0.009±0a 0.011±0ab 0.014±0.001bc
fold change 1.71 0.82 0.94 1.5 1.33 1.07 0.92 1.29
cool 59±2ab 64±2bc 77±2c 54±1ab 53±3ab 53±3ab 58±4ab 51±1a
warm 50±3ab 61±3bc 66±1c 61±2bc 47±1a 69±2c 66±4c 46±2a
fold change 0.85 0.95 0.85 1.13 0.89 1.3 1.14 0.9
cool 55±3c 53±1bc 46±3ac 52±1bc 48±1bc 44±2ab 35±1a 48±4bc
warm 37±2a 35±1a 36±1a 40±1a 35±2a 38±1a 35±1a 34±1a
fold change 0.68 0.68 0.79 0.77 0.73 0.86 0.99 0.72
cool 1.07±0.02a 1.22±0.02a 1.69±0.07b 1.04±0.01a 1.11±0.04a 1.22±0.01a 1.64±0.07b 1.08±0.06a
warm 1.34±0.01a 1.71±0.04c 1.81±0.01cd 1.51±0.03b 1.35±0.05a 1.84±0.01cd 1.89±0.03d 1.34±0.05a
fold change 1.25 1.4 1.07 1.46 1.22 1.51 1.16 1.24
Parameater Treat NADP-ME PEP-CK NAD-ME
Vpmax at 25
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Table S 3.4: Summary of biochemical parameters. 
Biochemical parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperature. Values are means ± SE (n= 3-4). Letters indicate the ranking (lowest =a) of 
species within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. Significant fold changes 
(warm/cool) are shown in bold (p < 0.05). 
  
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula 
cool 29±1a 56±5c 38±0b 35±1ab 34±1ab 31±2ab 31±1ab 55±2c
warm 23±2a 34±2c 35±1c 28±1ac 24±1ab 32±0c 29±0bc 55±2d
fold change 0.8 0.62 0.9 0.81 0.71 1.01 0.93 1
cool 5±0a 10±1d 7±0c 7±0bc 6±0bc 6±0ab 9±0d 10±0d
warm 4±0a 6±0c 6±0c 5±0bc 5±0ab 6±0bc 9±0d 10±0d
fold change 0.79 0.62 0.9 0.8 0.71 1 0.94 1
cool 58±9a 58±0a 55±10a 60±2a 52±2a 49±1a 42±2a 38±1a
warm 52±1a 64±6ab 61±3ab 75±6b 67±3ab 58±1ab 61±6ab 61±1ab
fold change 0.9 1.11 1.11 1.25 1.3 1.18 1.43 1.61
cool 86±7b 350±16d 146±0c 146±6c 120±15bc 103±6b 46±4a 114±6bc
warm 38±1a 233±4f 175±3e 142±5e 71±3c 99±4d 48±4b 104±6d
fold change 0.44 0.66 1.2 0.97 0.59 0.96 1.04 0.91
cool 3±0.1c 6.4±0.4e 3.8±0cd 4.2±0.1d 3.5±0.4cd 3.3±0cd 1.5±0.1a 2.1±0.1b
warm 1.6±0.1a 6.8±0.3d 5±0c 5±0.1c 2.9±0.1b 3.1±0.1b 1.7±0.1a 1.9±0a
fold change 0.55 1.07 1.33 1.19 0.84 0.95 1.12 0.91
cool 51±0b 92±5c 56±2b 1±0a 1±0a 1±0a 2±0a 3±0a
warm 38±2b 44±3b 40±3b 1±0a 1±0a 1±0a 3±0a 5±0a
fold change 0.74 0.48 0.71 1.62 0.75 0.89 1.62 1.74
cool 15±0a 13±1a 13±1a 22±0b 22±1b 62±3c 14±1a 13±1a
warm 5±0a 9±0ab 9±0ab 22±1d 17±2cd 54±2e 12±0bc 15±1c
fold change 0.31 0.7 0.69 0.98 0.75 0.87 0.89 1.15
cool 4±0a 4±0a 4±1a 5±1a 4±0a 3±1a 26±0b 35±0c
warm 4±0a 3±0a 4±1a 3±0a 3±0a 2±0a 31±2b 36±2b
fold change 0.95 0.85 1.02 0.55 0.77 0.82 1.19 1.05
cool 70±1c 108±6d 74±3c 28±1a 27±1a 66±4c 42±1b 50±2b
warm 46±3b 56±4b 54±4b 26±1a 20±2a 57±2b 46±3b 56±3b
fold change 0.66 0.52 0.73 0.92 0.75 0.87 1.11 1.11
cool 2.6±0.1a 4.8±0.2b 3.9±0.4b 4.4±0.6b 4.8±0.4b 3.7±0.1ab 4±0.4b 4.8±0.2b
warm 2.3±0.1a 4.4±0.7bc 4.1±0.1bc 4±0.2bc 3.1±0.4ab 3.2±0.3ab 4.9±0.2c 5±0.2c
fold change 0.89 0.92 1.05 0.92 0.64 0.86 1.24 1.05
















































Table S 3.5: Summary of linear relationships among key physiological and biochemical parameters. 
Growth, physiological and biochemical parameters of eight C4 grasses grown at cool (24oC) or warm (34oC) air temperature were fitted using linear regressions. Values are r2 
of linear regression and significant r2 is shown in bold (p < 0.05). ‘-’ indicates that data is not available. 
 
 
C. ciliaris S. bicolor Z. mays P. maximum P. monticola C. gayana P. coloratum E. curvula NADP-ME PEP-CK NAD-ME Cool Warm
Total plant leaf area ~ Total DM 0.98 0 0.08 0.1 0.95 0.14 1 0.94 0.37 0.53 0.99 0.87 0.67 0.67
Total plant leaf area ~ Leaf size 0.29 0 0.67 0.02 0.65 0.28 0.55 0.92 0.15 0.02 0.54 0 0.36 0.07
Root DM ~ Shoot DM 0.98 0.66 0.67 0.81 0.99 0.52 0.99 0.97 0.49 0.65 0.97 0.87 0.39 0.59
A25 ~ gs25 0.67 0.69 0.86 0.71 0.01 0.34 0.91 0.03 0.09 0.69 0.2 0.61 0.1 0.29
A35 ~ gs35 0.49 0.53 0.79 0.79 0.06 0.77 0.63 0.54 0.38 0.29 0.48 0.23 0.15 0.19
PEPC activity ~ Rubisco activity 0.78 0.92 0.8 0.32 0.78 0.75 0.02 0.48 0.81 0.37 0.96 0.47 0.09 0.3
Rubisco activty ~ Rubisco sites 0.95 1 1 1 1 0.99 0.99 1 0.99 0.93 0.87 0.65 0.7 0.69
 A25 ~ Rubisco activity 0.95 0.93 0.82 0.55 0.95 0.32 0.57 0.05 0.18 0.74 0.06 0.07 0.13 0.04
A25~ PEPC activity 0.87 0.92 0.59 0.7 0.84 0.66 0.69 0.69 0 0.68 0.12 0.22 0 0.13
A25~ DC activity 0.91 0.94 0.84 0.84 0.83 0.33 0.9 0.06 0.45 0.02 0.04 0.17 0 0.16
Rubisco sites ~ Leaf Narea 0.04 0.87 0.18 0.44 0.93 0.64 0.57 0.65 0.7 0.1 0.88 0.59 0.4 0.49
PEPC activity ~ Leaf Narea 0.02 0.92 0.53 0.63 0.95 0.41 0.25 0.28 0.78 0 0.77 0.48 0.09 0.29
DCs activity ~ Leaf Narea 0.02 0.92 0.06 0.7 0.87 0.12 0.03 0.83 0.59 0.76 0.69 0.42 0.57 0.44
Vpmax ~ Vcmax at 25 
o
C 0.85 0.3 0.92 0.45 0.65 0.19 0.48 0.64 0.07 0 0.01 0.03 0.19 0.03
IS/CSR ~ Vpmax/Vcmax  at 25 
o
C 0.05 0.9 0.01 0.81 0.01 0.17 0.13 0.44 0.62 0.06 0.15 0.57 0.34 0.32
IS ~ CSR at 25
o
C 0.56 0.74 0.86 0.08 0.93 0.32 0.77 0.9 0.23 0.59 0.62 0.16 0.27 0.34
IS ~ Leaf Narea 0.12 0.88 0.14 0.35 0.91 0.34 0.55 0.01 0.21 0.27 0 0.23 0.04 0.14
CSR ~ Leaf Narea 0 0.87 0.03 0.56 0.89 0.59 0.43 0 0.12 0.15 0.08 0.11 0.01 0.06
A25 ~ Fv'/Fm' at 25
o
C ── 0.51 0.68 0.36 0.00 0.22 0.33 ─ 0.30 0.05 0.33 0.30 0.06 0.13
A35 ~ Fv'/Fm' at 35
o
C ─ 0.33 0.90 0.00 0.10 0.05 0.80 ─ 0.26 0.06 0.80 0.00 0.07 0.03
PEPC/ Rubisco activity ~ IS/CSR 0.04 0.18 0.51 0.92 0.82 0.02 0.63 0.29 0.49 0.02 0 0 0.46 0.15
PEPC/Rubisco activity ~ Vpmax/Vcmax  0.99 0.08 0.43 0.79 0.14 0.46 0.6 0.25 0.12 0.01 0.37 0.03 0.08 0












CHAPTER 4  
EFFICIENCY OF C4 PHOTOSYNTHESIS IS 






The CO2 concentrating mechanism (CCM) in C4 photosynthesis is achieved by a series 
of anatomical and biochemical adaptations which allow the operation of two 
photosynthetic cycles, C4 and C3, across the outer mesophyll and inner bundle-sheath 
cells. C4 photosynthesis is diverse physiologically and biochemically, and can be 
classified into three biochemical subtypes: NADP-ME; PEP-CK and NAD-ME. The 
high energy cost of C4 photosynthesis may limit the productivity of C4 plants in shaded 
environments. Our understanding of how C4 photosynthesis responds and acclimates 
to low light environments remains sketchy, particularly with regard to differences 
among the three C4 subtypes. This study investigated photosynthetic acclimation to 
shade (16% sunlight) in C4 grasses belonging to three biochemical subtypes and 
representative of the main C4 grass clades. This was achieved by correlating changes 
in photosynthetic rates, enzyme activities and CCM efficiency as measured by 
leakiness and quantum yield. The shade treatment reduced plant productivity and 
photosynthetic nitrogen use efficiency (PNUE) to a greater extent in NAD-ME and 
PEP-CK relative to NADP-ME grasses. Moreover, shade induced larger 
photosynthetic down-regulation in NAD-ME relative to NADP-ME and PEP-CK 
species. Shading reduced photosynthetic quantum yield (max) to a greater extent in 
NAD-ME species. Photosynthetic carbon isotope discrimination (∆) and bundle sheath 
leakiness () tended to be lower in shaded NADP-ME plants and max lower in shaded 
NAD-ME plants relative to the other treatments. In conclusion, short-term low light 
and shade compromised CCM efficiency to a greater extent in NAD-ME and PEP-CK 
species relative to NADP-ME species due to more effective coordination of the C4 and 
C3 cycles in the latter subtype. This is an important and novel contribution because the 
data identified different photosynthetic responses to short-term low light and 
acclimation to shade among C4 grasses with different biochemical subtypes. 
 
Key words: biochemical subtypes, C4 photosynthesis, shade, CCM efficiency, 




The CO2 concentrating mechanism (CCM) is a key characteristic of C4 photosynthesis. 
The CCM is achieved by a series of anatomical and biochemical adaptations which 
allow the operation of two photosynthetic cycles, C4 and C3, across the outer 
mesophyll (MC) and inner bundle-sheath cells (BSC). During C4 photosynthesis, 
atmospheric CO2 is hydrated (HCO
-
3) and fixed into a 4-C oxaloacetic acid (OAA) by 
phosphoenolpyruvate carboxylases (PEPC) in the MC. OAA is converted into malate 
or aspartate then translocated to the BSC where it is subsequently decarboxylated 
(directly or its derivate), releasing CO2 to be fixed by Rubisco in the C3 cycle, while 
the remaining 3-C acid is returned to MC for the C4 cycle. The BSC wall is relatively 
gas-tight and the C4 cycle is faster than the C3 cycle. Accordingly, CO2 is elevated in 
the BSC around Rubisco, suppressing photorespiration and supercharging 
photosynthesis. The BSC walls are not completely insulated to CO2, and some CO2 
leaks out into the surrounding MC.  
C4 photosynthesis is diverse physiologically and biochemically, and can be classified 
into three biochemical subtypes based on the primary C4 decarboxylase enzyme in 
BSC. NADP-malic enzyme decarboxylates malate to pyruvate in chloroplasts of 
NADP-ME subtype; NAD-malic enzyme decarbxylates malate to pyruvate in 
mitochondria of NAD-ME subtype; and PEP-CK decarboxylates OAA to PEP in the 
cytosol of PCK subtype (Hatch, 1987). Each subtype is distinguished by anatomical 
and biochemical features (Gutierrez et al., 1974; Kanai and Edwards, 1999; 
Ghannoum et al., 2005; Edwards and Voznesenskaya, 2010; Ghannoum et al., 2011; 
Koteyeva et al., 2015). 
The basic energy requirement of C4 photosynthesis for CO2 fixation in BSC is similar 
to C3 photosynthesis (3 ATP and 2 NADPH per CO2 fixed). In addition, the equivalent 
of 2 ATP per CO2 are required for the phosphorylation of phosphoenolpyruvate (PEP) 
in the MC by pyruvate phosphate dikinase, PPDK (Hatch, 1987). Therefore, leakiness 
(ϕ), defined as the rate of CO2 leakage out of BSC into the MC as a fraction of the rate 
of PEP carboxylation (Vp) is an important measure of C4 photosynthetic efficiency 
(Farquhar, 1983). Leakiness is determined by the bundle-sheath conductance and CO2 
gradient between MC and BSC (von Caemmerer, 2000). Leakiness increases the ATP 
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and quantum requirements per CO2 fixed in C4 photosynthesis (Farquhar, 1983; 
Furbank et al., 1990).  
The CCM endows C4 plants with high CO2 assimilation rate and high light saturation 
(von Caemmerer, 2000) which in turn leads to agricultural and ecological importance 
dominance that is disproportionately high relative to their small taxonomic 
representation (Ehleringer et al., 1997; Brown, 1999). However, the high energy cost 
of C4 photosynthesis may limit the productivity of C4 plants in shaded environments 
compared to C3 plants (Sage and McKown, 2006). Yet, high-light adapted C4 crops or 
grasses can form dense canopies where a significant proportion of the leaf area exists 
in shade (Sage, 2014). In addition, during diurnal light changes, leaves of these C4 
grasses are exposed to short-term reductions in irradiance. Numerous C4 grasses are 
also adapted to the shade of forest interior (Sage and Pearcy, 2000). Low light or shade 
limits production of ATP and NADPH, which might affect performance of C4 and C3 
cycle and hence CCM efficiency. Our understanding of the mechanisms limiting C4 
photosynthesis under such light environment has remained uncertain, particularly for 
NAD-ME and PEP-CK subtype. Hence, the main aim of this study was to investigate 
differences in CCM efficiency, as determined by leakiness and quantum yield, 
between the C4 subtypes under short- and long-term shading. 
Reduction in Rubisco activity and/or content is one of the main photosynthetic 
responses to shade acclimation (Hikosaka and Terashima, 1995; Walters, 2005). A 
number of shade-grown C4 species showed 10-54% reduction in Rubisco content or 
activity (Winter et al., 1982; Ward and Woolhouse, 1986a; Ward and Woolhouse, 
1986b; Tazoe et al., 2006), with an average reduction of 29% (Sage and McKown, 
2006). Previous work showed that NAD-ME grasses operate with a higher leaf N and 
Rubisco content relative to NADP-ME counterparts (Ghannoum et al., 2005; 
Ghannoum et al., 2011; Pinto et al., 2015). Furthermore, NAD-ME grasses showed 
similar leaf N to closely related C3 grasses (Taylor et al., 2010). Hence, NAD-ME 
species may theoretically have a greater fraction of leaf N invested in Rubisco that 
may be allocated to light energy conversion reactions under shade. In addition, NAD-
ME grasses are reported to have lower photosynthetic quantum yield relative to 
NADP-ME and PEP-CK counterparts, indicating a greater limitation of electron 
transport capacity in the former subtype (Pearcy and Ehleringer, 1984). Accordingly, 
I hypothesised that shade will cause greater photosynthetic inhibition in NAD-ME 
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grasses than NADP-ME and PEP-CK counterparts by virtue of higher Rubisco content 
and lower quantum yield in NAD-ME species (Hypothesis 1). 
Striking photochemical differences in BSC chloroplasts of the three C4 subtypes 
implicate differences in photosynthetic energy requirement and/or efficiency among 
C4 species (Edwards et al, 1976; Ghannoum et al. 2005). Consistently higher leaf dry 
matter 13C/12C isotope composition, δ13C in NAD-ME and PEP-CK subtype suggests 
that these two subtypes have higher leakiness relative to NADP-ME. However, these 
differences are questioned based on the similarity of photosynthetic 13C/12C 
discrimination (∆) observed among C4 grasses during gas exchange studies 
(Hattersley, 1982; Henderson et al., 1992; Cousins et al., 2008; von Caemmerer et al., 
2014). In spite of lower theoretical quantum requirement for PEP-CK than NAD-ME 
and NADP-ME species (von Caemmerer and Furbank, 1999; Kanai and Edwards, 
1999; von Caemmerer and Furbank, 2003), NAD-ME and PEP-CK grasses showed a 
lower quantum yield for CO2 assimilation than NADP-ME species (Pearcy and 
Ehleringer, 1984). Interestingly, NAD-ME species are preferentially found in open 
and arid habitats relative to the other two C4 subtypes (Osmond et al., 1982). Further, 
the NADP-ME biochemistry might theoretically minimise leakiness of CO2 from the 
bundle sheath because the decarboxylation occurs in chloroplasts, where Rubisco is 
localised (von Caemmerer and Furbank, 2003). Taken together, I hypothesised that 
the short-term (Hypothesis 2) and long-term (Hypothesis 3) exposure to low light will 
compromise CCM efficiency to a greater extent in NAD-ME and PEP-CK relative to 
NADP-ME species. 
Considering the agricultural and ecological importance of C4 grasses and the 
significant diversity that exists among the C4 subtypes pertaining to photosynthetic 
energetics, it is important to understand the underlying mechanisms for short-term 
light responses and shade acclimation in the various biochemical subtypes of C4 
grasses. Most of the previous experiments manipulated short-term light without 
considering the phylogenetic diversity that exists within each of the biochemical 
subtypes of C4 photosynthesis (Henderson et al., 1992; Cousins et al., 2006; Kubásek 
et al., 2007a; Cousins et al., 2008; Ubierna et al., 2013), which limits their utility in 
understanding the mechanisms underlying photosynthetic responses to short-term low 
light and shade acclimation in the different C4 subtypes. Despite the importance of 
considering subtype diversity in photosynthetic responses and acclimation to shade, to 
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my knowledge only one experiment by Buchmann et al (1996) investigated the effect 
of growth light on leaf dry matter δ13C of C4 grasses with different subtypes. Several 
other experiments studied photosynthetic acclimation to shade separately on NADP-
ME monocots, Z. mays (Kromdijk et al., 2010; Bellasio and Griffiths, 2014a; 
Sharwood et al., 2014; Bellasio and Griffiths, 2014b), NADP-ME monocot 
Miscanthus x giganteus (Kromdijk et al., 2008), NADP-ME dicot, Flaveria bidentis 
(Pengelly et al., 2010; Ubierna et al., 2011), and NAD-ME dicot, Amaranthus cruentus 
(Tazoe et al., 2006; Tazoe et al., 2008). Hence, underpinning mechanisms for shade 
acclimation are better elucidated for the NADP-ME grasses relative to the other two 
subtypes whereas, CCM plasticity in NAD-ME and PEP-CK grass species remain 
unexplored. 
Consequently, this study investigated photosynthetic light acclimation in C4 grasses 
belonging to three biochemical subtypes and the major C4 grass clades. The study 
aimed at elucidating the underling photosynthetic mechanisms, including changes in 
photosynthetic enzyme activities and activation, CCM efficiency as measured by 
leakiness and quantum yield. The study concluded that NADP-ME species are 




4.2 Materials and Methods 
4.2.1 Plant culture 
The experiment was conducted in a naturally lit glasshouse chamber (5 m3). Within 
the chamber, an aluminium structure (1.5 x 5 m3) was erected and covered with shade 
cloth. Light intensity inside the shade structure was maintained around a 
photosynthetic photon flux density, PPFD of 100 μmol m-2 s-1 by changing the number 
of cloth layers. In order to minimise the impact of heavy shade during cloudy days the 
shade structure was supplemented by external growth light (LimiGrow Pro S325, 
Emeryville, CA, USA) with PPFD 100 μmol m-2 s-1. The chamber temperature was 
maintained at 27/22oC for day/night by in-built glasshouse temperature control 
system. Air temperate and humidity at leaf-level was monitored using Rotronic HC2-
S3 (Bassersdorf, Switzerland) sensors placed in a vented shield with a 12V fan to draw 
air from sensor. A Licor quantum sensor (LI-190, LI-COR, Lincoln, NE, USA) was 
mounted at the leaf level to monitor incident photosynthetic photon flux density, PPFD 
in the unshaded and shade glasshouse structures. Data from these sensors were stored 
using a Licor data logger (LI-1400, LI-COR, Lincoln, NE, USA). The average ambient 
PPFD, temperature and humidity at leaf-level during the mid-day was 741 and 119 
μmol m-2 s-1, 25 and 26oC and 69 and 65% for the sun and shade treatments, 
respectively (Figure 4.1). Hence, the shade treatment was equivalent to 16% of 
sunlight measured in the sun treatment, averaged over the experimental period (Figure 
4.1). Instantaneous leaf temperature was measured using a handheld, non-contact 
infrared thermometer (AGRI-THERM II™, Chino Hills, CA USA). On average, 
shaded leaves were 1-2oC cooler than sun leaves (Figure 4.1).  
Locally collected soil was sun-dried (Pinto et al., 2014), coarsely-sieved and added to 
3.5 L cylindrical pots, which were watered to 100% capacity, then transferred to the 
glasshouse chamber. Seeds for grasses used in this study (Table 4.1) were obtained 
from the Australian Plant Genetic Resources Information System (ACT, Australia) 
and Queensland Agricultural Seeds Pty. Ltd. (Toowoomba, Australia). Seeds were 
germinated in a commercial mix (Osmocote® Professional, Seed Raising & Cutting 
Mix) (Scotts, Bella Vista, NWS, Australia). Three-four weeks after germination, two 
healthy seedlings were transplanted into each of the soil-filled and pre-irrigated pot. 
A week later, one healthy seedling was left in the pot while the other was removed. 
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Plants were allowed to grow until the 5-6 leaf stage in full sunlight before they were 
transferred to the shade treatment. There were eight pots per species and light 
treatment. Pots were randomly positioned and regularly rotated within each treatment 
throughout the experiment. Plants were well watered daily with added commercial 
soluble fertiliser (Aquasol, N: P: K = 23.3:3.95:14; Yates, Wetherill Park, NSW, 
Australia). The experiment was conducted during the Australian summer of 2014-
2015. Plants were harvested 6-7 weeks after transplanting. 
4.2.2 Leaf gas exchange measurements 
Leaf gas exchange measurements were carried out using a portable open gas exchange 
system (LI-6400XT, LI-COR, Lincoln, NE, USA). Measurements were conducted at 
a leaf temperature of 28oC between 10:00 and 14:00 about 7-8 weeks after 
transplanting on an attached, last fully expanded leaf (LFEL) on the main stem. For 
shaded plants, a minimum of three leaves in addition to the LFEL developed under 
shade before gas exchange was measured. 
Prior to high-light measurements, each leaf was allowed to reach a steady state of CO2 
uptake at ambient CO2 (400 μL L
-1) and a high PPFD of 2000 μmol m-2 s-1 for 20 min, 
after which, an initial ‘spot’ measurement (performed concurrently with TDL analysis, 
see below for details) was taken. Consequently, the responses of CO2 assimilation 
rates (A) to step increases of intercellular CO2 (Ci), A-Ci curve, were measured by 
raising the LI-6400XT leaf chamber [CO2] in 10 steps between 50 and 1500 μL L
-1. 
After completing the A-Ci at PPFD 2000 μmol m
-2 s-1, the leaf was allowed to reach a 
steady state of CO2 uptake at saturated CO2 (650 μL L
-1) before measuring the 
responses to PPFD. The light response curve was started from high light to low light 
(11 steps) followed by measurements of dark respiration (Rd) after 20 min of dark 
adaptation. Prior to low-light ‘spot’ measurement (performed concurrently with TDL 
analysis, see below for details), the same leaf was allowed to reach a steady state of 
CO2 uptake at ambient CO2 (400 μL L
-1) and a low PPFD of 250 μmol m-2 s-1 for 20 
min. This was followed by measuring A-Ci curve at low light, as described above. 
There were 3-4 replicates per treatment. 
The A-Ci curves measured at high light were fitted using the C4 photosynthesis model 
(von Caemmerer, 2000) to estimate maximal phosphoenolpyruvate carboxylase 
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(PEPC) (Vpmax) and Rubisco (Vcmax) activities. The A-Ci curves measured at low light 
could not be fitted accurately due to low overall rates.  






    (1) 
where, I = absorbed irradiance; A = CO2 assimilation rate at given light; nls = 
maximum quantum yield of PSII derived by curve fitting; Amax = light saturated CO2 
assimilation rate; and θ = curvature factor of light response curve. 
Linear regression of the initial slope of the light response curve was considered for 
more precise estimation of ‘apparent’ maximum quantum yield of PSII (max) (Ögren 
and Evans, 1993) using incident rather than absorbed light, because this method tends 
to overestimate max in C4 plants (Tazoe et al., 2008). 
4.2.3  Photosynthetic carbon isotope discrimination 
Bundle-sheath leakiness () was determined by measuring real-time 13CO2/12CO2 
carbon isotope discrimination using a LI-6400 interfaced with a tuneable diode-laser, 
TDL (modelTGA100, Campbell Scientific, Inc., Logan, Utah, USA) concurrently 
with ‘spot’ gas exchange measurements described above. For estimation of TDL 
precision, we used δ13C values of Licor reference gas and mean SD of repeated 
measurements was 0.09 ‰. Photosynthetic discrimination against 13C (∆) was 





      (2) 
𝜉 =  
𝐶𝑒
𝐶𝑒−𝐶𝑜
       (3) 
where δe, δo, Ce and Co are the δ
13C (δ) and CO2 mol fraction (C) of the air entering (e) 
and leaving (o) the leaf chamber measured with the TDL-LI-6400 set up. Leakiness 
() was calculated using the model of (Farquhar, 1983) as modified by (Pengelly et 
al., 2010; Pengelly et al., 2012)). The equation used is described briefly. 
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   (4) 
where  is the photosynthetic carbon isotope discrimination measured using the 
combined gas exchange-TDL analysis. The term t, which represents the ternary effect 
of transpiration rate on the carbon isotope discrimination during CO2 assimilation, is 
defined as (Farquhar and Cernusak, 2012): 
𝑡 =  
(1+𝑎′)𝐸
2𝑔𝑎𝑐
𝑡        (5) 
where E is the transpiration rate, gtac the total conductance to CO2 diffusion including 
boundary layer and stomatal conductance (von Caemmerer and Farquhar, 1981).  
The combined fractionation factor through the leaf boundary layer and through 




      (6) 
where Ca, Ci and Cls are the ambient, intercellular and leaf surface CO2 partial 
pressures, respectively; ab (2.9 ‰) is the fractionation occurring through diffusion in 
the boundary layer; s (1.8‰) is the fractionation during leakage of CO2 out of the 
bundle sheath (Henderson et al., 1992); a (4.4 ‰) is the fractionation due to diffusion 
in air (Evans et al., 1986); ai is the fractionation factor associated with the dissolution 
of CO2 and diffusion through water. Here, we assume that s = ai. 
𝑏3









     (7) 
and  
𝑏4
′ = 𝑏4 − 𝑒
 0.5 𝑅𝑑
(𝐴+0.5𝑅𝑑)
      (8) 
where b3 is the fractionation by Rubisco (30‰); b4 is the combined fractionation of 
the conversion of CO2 to HCO3
- and PEP carboxylation (-5.74‰ at 25°C), f is the 
fraction associated with photorespiration; and Vo and Vc are the rates of oxygenation 
and carboxylation, respectively. The fractionation factor e associated with respiration 
was calculated from the difference between δ13C in the CO2 cylinder (-5.5‰) used 
during experiments and that in the atmosphere under growth conditions (-8‰; (Tazoe 
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et al., 2008). A and Rd denote the CO2 assimilation rate and day respiration, 
respectively; Rd was assumed to equal dark respiration measured at the conclusion of 
gas exchange analysis. Mesophyll conductance (gm) was assumed as 5 mol m
-2 s-1 bar-
1 for these calculations (von Caemmerer, 2000; Sharwood et al., 2014). In this study, 
leakiness was calculated only at high light, and hence Vo = 0 (i.e., 𝑓
0.5𝑉0
𝑉𝑐
 = 0) (Ubierna 
et al., 2011; Ubierna et al., 2013; von Caemmerer et al., 2014). 
4.2.4 Activity of Rubisco, PEPC, NADP-ME, NAD-ME and PCK 
Following gas exchange measurements, replicate discs (0.4-1 cm2) were cut from the 
gas exchange leaf, rapidly frozen in liquid nitrogen then stored at -80°C until analysed. 
Two sets of extractions were performed to complete the biochemical analysis. For 
Rubisco activity, activation and content, PEPC and NADP-ME activity, and soluble 
protein assays, the extraction buffer was purge of CO2 overnight by bubbling a weak 
jet of nitrogen gas through the basic buffer [50 mM EPPS-NaOH (pH 7.8), 5 mM 
MgCl2, 1 mM EDTA]. Each leaf disc was extracted in 0.8 mL of ice-cold extraction 
buffer [50 mM EPPS-NaOH (pH 7.8), 5 mM DTT, 5 mM MgCl2, 1 mM EDTA, 10 l 
protease inhibitor cocktail (Sigma), 1% (w/v) polyvinyl polypyrrolidone] using a 2 
mL Tenbroeck glass homogeniser kept on ice. Chlorophyll content was estimated 
according to (Porra et al., 1989) by mixing 100 µl of total extract with 900 µl of 
acetone. The extract was then centrifuged at 15,000 g for 1 min and the supernatant 
used for the subsequent assays. For Rubisco content, sub-samples of the supernatant 
were incubated for 10 min in activation buffer [50 mM EPPS (pH 8.0), 10 mM MgCl2, 
2 mM EDTA, 20 mM NaHCO3]. Rubisco content was estimated by the irreversible 
binding of [14C]-CABP to the fully carbamylated enzyme (Sharwood et al., 2008). 
Extractable soluble proteins were measured using the Pierce Coomassie Plus 
(Bradford) protein assay kit (Thermo scientific, Rockford, USA).  
The activities of the photosynthetic enzymes Rubisco, PEPC and NADP-ME were 
measured using spectrophotometric assays as described previously (Ashton et al., 
1990; Pengelly et al., 2010; Sharwood et al., 2014). Briefly, initial Rubisco activity 
was measured in assay buffer containing [50 mM EPPS-NaOH (pH 8), 10 mM MgCl2, 
0.5 mM EDTA, 1 mM ATP, 5 mM phosphocreatine, 20 mM NaHCO3, 0.2 mM 
NADH, 50 U creatine phosphokinase, 0.2 mg carbonic anhydrase, 50 U 3-
phosphoglycerate kinase, 40 U glyceraldehyde-3-phosphate dehydrogenase, 113 U 
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triose-phosphate isomerase, 39 U glycerol-3-phosphate dehydrogenase] and the 
reaction initiated by the addition of 22.2 mM ribulose-1, 5-bisphosphate (RuBP). For 
maximal Rubisco activity, the supernatant was activated in assay buffer for 10 min at 
25oC before initiation of the reaction. Rubisco activation was calculated as the ratio of 
initial/maximal Rubisco activity. PEPC activity was measured in assay buffer 
containing [50 mM EPPS-NaOH (pH 8.0), 0.5 mM EDTA, 10 mM MgCl2, 0.2 mM 
NADH, 5 mM glucose-6-phosphate, 0.2 mM NADH, 1 mM NaHCO3, 1 U MDH] after 
the addition of 4 mM PEP. NADP-ME activity was measured in assay buffer [50 mM 
NADP-ME buffer (pH- 8.3), 4 mM MgCl2, 0.5 mM NADP, and 0.1 mM EDTA] after 
the addition of 5 mM malic acid.  
The activity of PEP-CK was measured in the carboxylation direction using method 
outlined by (Walker et al., 2002; Koteyeva et al., 2015). For PEP-CK and NAD-ME 
activity, a separate leaf disk was homogenised in extraction buffer containing [50 mM 
HEPES (pH-7.5), 2 mM EDTA, 0.05% Triton, 5 mM DTT, 1% PVPP, 2 mM MnCl2] 
using a 2 mL Tenbroeck glass homogeniser kept on ice. The extract was centrifuged 
at 21,130 g for 1 min and the supernatant used for PEP-CK and NAD-ME activity 
assays. PEP-CK activity was measured in assay buffer containing 50 mM HEPS (pH-
6.3), 4% β-mercaptoethanol, 100 mM KCl, 90 mM KHCO3, 0.5 mM ADP, 2 mM 
MnCl2, 0.2 mM NADH, 6 U MDH, 5 mM aspartic acid after the addition of 10 mM 
PEP. NAD-ME activity was measured in 25 mM Tricine (pH-8.3), 5 mM DTT, 2 mM 
NAD, 0.1 mM AcCoA, 4 mM MnCl2 and 2 mM EDTA after the addition of 5 mM 
malic acid. Enzyme activity was calculated by monitoring the decrease/increase of 
NADH+ absorbance at 340 nm with a UV-VIS spectrophotometer (model 8453, 
Agilent Technologies Australia, Mulgrave, Victoria). 
4.2.5 SDS-PAGE and immunoblot analysis of photosynthetic proteins  
SDS-PAGE and immunoblot analysis of photosynthetic proteins were performed as 
described in (Sharwood et al., 2014). The procedures are described below. 
Subsamples of total leaf extracts used for enzyme assays were mixed with 0.25 
volumes of 4x LDS buffer (Invitrogen) containing 100 mM DTT and placed in liquid 
nitrogen, then stored at -20oC until they were analysed. For confirmatory visualization, 
protein samples were separated by SDS PAGE in TGX Any kD (BioRad) precast 
polyacrylamide gels buffered with 1X Tris-Glycine SDS buffer (BioRad) at 200V 
using the Mini-Protean apparatus at 4oC. Proteins were visualised by staining with 
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Bio-Safe Coomassie G-250 (BioRad) and imaged using the VersaDoc imaging system 
(BioRad).  
For immunoblot analyses, samples of total leaf proteins were separated by SDS-PAGE 
as outlined above, then transferred at 4oC to nitrocellulose membranes (0.45 µm; 
BioRad) using the Xcell Surelock western transfer module (Invitrogen) buffered with 
1x Transfer buffer (20X – 25 mM Bicine, 25 mM Bis-Tris, 1 mM EDTA, 20% (v/v) 
methanol). After 1 hour transfer at 30V the membrane was placed in blocking solution 
(3% (w/v) skim milk powder in TBS; 50 mM Tris-Cl pH8, 150 mM NaCl) for 1 hour 
at room temperature with gentle agitation. 
Primary antisera raised in rabbit against tobacco Rubisco (prepared by S.M. Whitney) 
was diluted 1:4000 in TBS before incubation at 1 hour with membranes at room 
temperature with gentle agitation. Antisera raised against PEPC (Cat. AS09 458) was 
obtained from AgriSera and diluted 1:2000 with TBS. For NADP-ME and PEP-CK, 
synthetic peptides based on monocot amino acid sequences for each protein were 
synthesized by GL Biochem and antisera were raised against each peptide in rabbits. 
The reactive antisera were the antigen purified for use in immunoblot analysis (GL 
Biochem). The NADP-ME and PEP-CK antisera were diluted in TBS 1:1000 and 
1:500 respectively.  
All primary antisera were incubated with membranes at room temperature for 1 hour 
with gentle agitation before washing 3x with TBS. Secondary Goat anti-rabbit 
antiserum conjugated to Horse Radish Peroxidase, HRP (Cat. NEF 812001EA, Perkin 
Elmer) was diluted 1:3000 in TBS and incubated with the membranes for 1 hour at 
room temperature followed by 3 washes with TBS. Immuno-reactive peptides were 
detected using the Immun-Star Western C kit (Cat. 170-5070, BioRad) and imaged 
using the VersaDoc. 
4.2.6 Leaf nitrogen and carbon isotope analyses 
Following gas exchange and leaf disc sampling, the remainder of the LFEL was cut 
and its area was measured using a leaf area meter (LI-3100A, LI-COR, Lincoln, NE, 
USA). The LFEL was oven-dried, weighed then milled to a fine powder. Leaf N 
content was determined on the ground leaf tissue samples using a CHN analyser 
(LECO TruSpec, LECO Corp., MI, USA). Leaf mass per area (LMA, g m-2) was 
calculated as total leaf dry mass/total leaf area. Leaf N per unit area (Narea) was 
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calculated as (mmol N g-1) × LMA (g m-2). For leaf dry matter 13C/12C isotopic 
composition (δ13C), ground leaf samples were combusted in a Carlo Erba Elemental 
Analyser (Model 1108) and the CO2 was analysed by mass spectrometry. Isotopic 
composition (δ13C) was calculated [(Rsample-Rstandard)/Rstandard] ×1000, where Rsample and 
Rstandard are the 
13C/12C ratio of sample and standard (Pee Dee Belemnite), respectively. 
Photosynthetic carbon isotope discrimination based on leaf dry matter δ13C (∆DM) was 
calculated as described by (Farquhar and Richards, 1984) from the leaf dry matter δ13C 
and the carbon isotope composition of the glasshouse air, δa = -8 ‰ , as ∆DM= (δa −
𝛿13C)/ (1 + 𝛿13C). 
4.2.7 PWUE and PNUE calculations 
Photosynthetic water use efficiency (PWUE) was calculated as A (µmol m-2 s-1)/ gs 
(mol m-2 s-1). Photosynthetic nitrogen use efficiency (PNUE) was calculated as A 
(µmol m-2 s-1)/ leaf Narea (mmol m
-2).  
4.2.8 Plant harvest 
Plants were harvested 13-15 weeks after transplanting. At harvest, leaves were 
separated from stems. Total leaf area was determined using a leaf area meter (LI-
3100A, LI-COR, Lincoln, NE, USA). Roots were washed free of soil. Plant materials 
were oven-dried at 80ºC for 48 h before dry mass (DM) was measured. Total plant 
DM included leaf, stem and root DM. Plant N use efficiency was calculated as the 
ratio of total plant DM (g plant-1)/ total leaf N content (mg). 
4.2.9 Statistical analysis 
Growth, gas exchange and tissue N analysis was performed on 3-4 replicates per 
treatment combination (species x temperature). For species as a main effect, the 
relationship between various response variables and the main effect (species and light 
treatment) and their interactions were fitted using linear model in R (R Foundation for 
statistical computing, Vienna, Australia). Since number of species within each subtype 
is unequal and measurements were taken on multiple individuals within a species, each 
unit cannot be considered as a true independent replicate. Therefore, a linear mixed 
effect model (lme) was used to estimate the fixed effect associated with light treatment 
and subtype, where species were treated as a random variable. For each response 
variable, the models containing all possible fixed effects were fitted using lme4 
package (Bates et al., 2013) in R. The model residues were tested for normality and 
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extreme outliers removed before refitting models. Significance tests were performed 
with a parametric bootstrap by using the ‘pbkrtest’ package in R (Halekoh and 
Højsgaard, 2014). 
The influence of subtypes on various response variables related to leaf traits was 
examined by redundancy analysis (RDA) using ‘vegan’ package in R. The dataset was 
standardised using hellinger square root method. The significance of light treatment 
and subtype was tested using ANOVA-like permutation tests for the joint effect of 




Throughout this study, the species effect was highly significant for all parameters and 
will generally not be described in the result sections below. 
4.3.1 Plant growth and leaf chemistry 
PEP-CK species had higher plant DM and total leaf area relative to NADP-ME and 
NAD-ME species (Tables 4.2 and S4.1, Figure 4.2A). The shade treatment reduced 
plant DM to a greater extent in NAD-ME (95%) and PEP-CK (92%) relative to 
NADP-ME (81%) (Tables 4.2 and S4.1, Figure 4.2A). Total plant DM and total leaf 
area were linearly correlated across the species and treatments (r2 = 0.73) (Table 4.4, 
Figure 4.2B). The effect of shading on plant DM and leaf area increased linearly with 
shaded plant size (Figure 4.2B). Root to shoot ratio did not vary according to subtype 
but was substantially reduced by the shade treatment in all species (Tables 4.2 and 
S4.1). There was no significant subtype effect on leaf mass per area (LMA), leaf Nmass 
or leaf Narea, while shading reduced LMA and leaf Nmass (but not leaf Narea) in most 
species (Tables 4.2 and S4.1). 
4.3.2 Leaf gas exchange 
When measured at high light (h), control plants had similar CO2 assimilation rate (Ah) 
and stomatal conductance (gh); in shaded plants, NADP-ME species had the highest 
and NAD-ME species had the lowest Ah and gh, indicating that photosynthesis and 
stomatal conductance in these two subtypes acclimated differently to shade (Tables 
4.2 and S4.3, Figure 4.2B). When measured at low light (l), all plants had similar CO2 
assimilation rates, Al and stomatal conductance, gl (Table S4.1). CO2 assimilation rate 
was strongly correlated with stomatal conductance across all species and treatments 
(r2 = 0.86) (Table S4.2, Figure 4.3A). Consequently, Ci/Ca was constant irrespective 
of species; treatment and measurement light (Table S4.4). Photosynthetic water use 
efficiency, PWUE differed between species but was not affected by subtype and 
shading treatment (Tables 4.2 and S4.3). Dark respiration (Rd) did not vary according 
to subtypes, while shade significantly reduced Rd in all species, except for C. gayana 
(Tables 4.2 and S4.3, Figure 4.2D). CO2 assimilation rate measured at high light, Ah 




Photosynthetic nitrogen use efficiency, PNUE tended to be lower in NAD-ME relative 
to NADP-ME and PEP-CK species; and shading reduced PNUE mostly in NAD-ME 
and PEP-CK species (Tables 4.2 and S4.3). Similarly, plant nitrogen use efficiency, 
leaf NUE was lower in NAD-ME species relative to the other two subtypes; while 
shading reduced PNUE significantly in all C4 grasses (Tables 4.2 and S4.1). 
4.3.3 Carbon isotope discrimination 
Leaf dry matter 13C/12C isotope composition (δ13C) was lower (more negative), and 
photosynthetic carbon isotope discrimination derived from leaf δ13C, ∆DM was higher 
in NAD-ME species relative to the other two subtypes (Tables 4.2 and S4.4). Shading 
significantly reduced δ13C and increased ∆DM in NAD-ME and PEP-CK species only 
(Tables 4.2 and S4.4). ∆DM plotted against growth Ci/Ca showed that all the data points 
were spread above the theoretical line corresponding to a leakiness,  of 20% (Figure 
4.4F). 
Concurrent measurements of 13CO2/
12CO2 discrimination and leaf gas exchange 
showed that photosynthetic discrimination, ∆ and leakiness,  were largely 
independent of the C4 subtype, although ∆ and  tended to be lower (p = 0.06) in 
NADP-ME species relative to the other two subtypes, and were significantly lower (p 
< 0.06) in the shade relative to the control treatment (Tables 4.2 and S4.4). Using 
photosynthetic discrimination, ∆ measured at high light in control and shaded plants, 
leakiness varied between 20% and 40% in the C4 grasses (Figure 4.4B). There was a 
strong linear relationship between photosynthetic discrimination measured at growth 
light, ∆growth and ∆DM (r
2 = 0.56) (Table 4.4, Figure 4.4D). This relationship had an x-
intercept of 0.9‰ which reflects the difference between ∆growth and ∆DM. 
4.3.4 Photosynthetic CO2 response curves 
In vivo estimates of Vpmax and Vcmax were calculated using the C4 photosynthesis model 
(von Caemmerer, 2000) from A-Ci curves measured at high light (Table S4.3, Figure 
4.5). Shading reduced Vpmax and Vcmax by 25-70% in the C4 grasses. In control plants, 
Vcmax and Vpmax did not vary with subtypes, but were reduced by shade to a greater 
extent in NAD-ME species (Table 4.2). Consequently, Vcmax and Vpmax tended to be 
lower in shaded NAD-ME species relative to NADP-ME and PEP-CK counterparts 
(Table 4.3). There was a strong linear relationship between Vpmax and Vcmax (r
2 = 0.84) 
irrespective of treatment and subtype (Table S4.2, Figure 4.3B). Consequently, the 
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Vpmax/Vpmax ratio did not vary among the C4 species, except for a lower Vpmax/Vpmax in 
shaded S. bicolor plants (Tables 4.2 and 4.3). 
4.3.5 Photosynthetic light response curves 
In control plants, Amax and max did not vary with subtypes (Tables 4.2 and 4.3, Figure 
4.4E). Shading reduced max to a greater extent in NAD-ME species; and max tended 
to be lower in shaded NAD-ME species relative to NADP-ME and PEP-CK 
counterparts (Figure 4.4E). The curvature () was higher in control NADP-ME species 
relative to the other treatments (Table 4.2 and 4.3). When all data were considered, 
Amax was well correlated with max, Vpmax, Vcmax and leaf Narea (Figures 4.3C-F). 
Interestingly, max showed significant negative linear relationships with ∆growth 
(Figures 4.4D). 
4.3.5 Activity of photosynthetic enzymes 
Rubisco activity did not differ according to the C4 subtype, but was significantly 
reduced under shading in all C4 grasses (Tables 4.2 and S4.5, Figure 4.7C). Along with 
higher [Rubisco sites], NAD-ME species underwent larger reduction (61%) in 
[Rubisco sites] under shading than NADP-ME (37%) and PEP-CK species (44%) 
(Tables 4.2 and 4.8, Figure 4.7A). In addition, Rubisco activation decreased along 
with [Rubisco sites] (Table 4.8, Figures 4.7A-C). Soluble protein content decreased 
under the shade treatment by 12-67% and there was no subtype effect (Table S4.1, 
S4.5).  
In general, shading reduced PEPC activity by 49-84 % in the C4 grasses. In addition 
to higher PEPC activity, NADP-ME species showed similar reduction (69%) in PEPC 
activity relative to PEP-CK (65%) and NAD-ME (66%) species (Tables 4.2 and 4.8, 
Figure 4.7D). The variation in the ratio of PEPC to Rubisco activity reflected changes 
in PEPC activity (Table S4.5, Figure 4.7E). Overall, in vitro Rubsico and PEPC 
activities strongly correlated with Vcmax and Vpmax, respectively for individual species, 
whereas a weak correlation was observed between Rubisco activity and Vcmax for three 
NADP-ME species (P. antidotale, Z. mays and S. bicolor) (Table S4.2). 
The Vpmax/Vcmax ratio correlated well with PEPC/Rubisco activity ratio only in three 
NADP-ME species, P. antidotale, C. ciliaris and S. bicolor (Table S4.2, Figure 4.8I). 
There was a good relationship between the ratio of PEPC/Rubisco activity with ∆DM 
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(r2 = 0.48), and this relationship was stronger in shade (r2 = 0.68) than control (r2 = 
0.44) plants (Table S4.2). In contrast, PEPC/Rubisco showed a weaker relationship (r2 
= 0.23) with ∆growth irrespective of treatment and subtype (Table S4.2).  
Activities of NADP-ME, PEP-CK and NAD-ME enzymes were dominant in their 
respective subtype; however substantial PEP-CK activity was measured in NADP-ME 
and NAD-ME species (Tables 4.2 and S4.5). Shading reduced the activity of NADP-
ME, PEP-CK and NAD-ME by 35-60%, 52-64% and 49-57%, respectively. Shading 
also reduced total decarboxylases (DCs) activity by 25-64%; the reduction was lower 
in NADP-ME (42%) relative to PEP-CK (60%) and NAD-ME (65%) species (Tables 
4.2 and S4.5, Figure 4.7F). 
The detectability of enzyme activity was corroborated by immunodetection of the 
corresponding protein for all the photosynthetic enzymes assayed, except for NAD-
ME where a good antibody was not available during this study (Figure 4.9). Rubisco 
and PEPC proteins were detected in all species and treatments. Surprisingly, NADP-
ME protein was detected in all C4 species, including NAD-ME and PEP-CK ones. 
This may be attributed to cross-reaction with a non-photosynthetic isomer of NADP-
ME or NAD-ME proteins (Figure 4.9). PEP-CK protein was strongly detectable in P. 
maximum and to a lesser extent in C. gayana, although C. gayana had the highest PEP-
CK activity (Table S4.5, Figure 4.9). In addition, PEP-CK protein was detected in 
three NADP-ME species, but not in S. bicolor, reflecting well trends in PEP-CK 
activity (Table S4.5, Figure 4.9). 
4.3.6 RDA analysis 
Canonical RDA performed on leaf-derived parameters showed that constrained 
variables (subtype and light treatment) explained 58.9% of the variation in the data 
(Figure 4.10). An overall permutation test of significance showed that the canonical r2 
between subtype and treatment was significant (p < 0.001). The first two canonical 
axes explained 53.3% of variation in the data. The shade treatment elicited a 
significant positive influence on the chlorophyll content, Rubisco activation and 
PWUE, and a significant negative influence on Ah, Jmax, Vpmax, Vcmax, Rubisco content 
and activity. In general, there was a significant negative correlation between NAD-
ME and NADP-ME species; in particular, the NAD-ME subtype had positive 
influence on leaf Nmass, Rubisco content and ∆DM whereas NADP-ME subtype had 
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positive influence on the PEPC/Rubisco activity ratio and PEPC activity. PEP-CK 
species showed a positive correlation with NADP-ME species and had an influence 





Questions have been raised whether the diverse CCM operating in C4 leaves may lead 
to differences in photosynthetic capacity and efficiency under changing environments 
(Hattersley, 1992; Kanai and Edwards, 1999). Based on studies using a limited number 
of species, C4 photosynthesis is generally considered to be less plastic in response to 
shade acclimation due to complex biochemical and anatomical features relative to C3 
photosynthesis (Sage and McKown, 2006). Yet, some studies found similar 
photosynthetic responses in C3 and C4 plants (Tazoe et al., 2006; Pengelly et al., 2010). 
Other studies reported that responses to shade in NADP-ME C4 species depended on 
their habitats (Ward and Woolhouse, 1986a; Ward and Woolhouse, 1986b). To date, 
acclimation responses of NAD-ME and NADP-ME species have been overlooked in 
previous studies. Consequently, this is the first study to compare short-term light 
responses and shade acclimation of photosynthesis in C4 grasses representing the three 
biochemical subtypes (NADP-ME, NAD-ME and PEP-CK) and the three most 
dominant C4 grass origins. The study mimicked the shade environment of deep forests 
and lower crop canopies (16% of natural sunlight). This is a novel and important 
contribution because the data demonstrated significantly different photosynthetic 
acclimation to shade among C4 grasses with different subtypes, and distinct short- term 
responses to low light. 
4.4.1 Shade induced larger photosynthetic down-regulation in NAD-ME 
relative to NADP-ME and PEP-CK species 
In the current study, shade down-regulated Ah and Amax in NAD-ME (62-68%) to a 
greater extent than in NADP-ME (39%) and PEP-CK (47-54%) species, indicating 
stronger photosynthetic acclimation to shade in the former subtype. PEPC activity was 
reduced equally and profoundly in all the C4 subtypes, but Rubisco activity was 
affected to a greater extent in NAD-ME (62%) relative to the NADP-ME (52%) and 
PEP-CK species (48%). This caused a lesser reduction of PEPC/Rubisco activity ratio 
in NAD-ME than PECK and NADP-ME species, indicating that photosynthetic 
acclimation to shade was largely due to reduced Rubisco content and activation. 
Similar large reductions in Rubisco content and activity (>55%) were reported in 
studies using C3 species (Evans, 1988). In shade-grown C4 species, inconsistent 
changes in Rubisco content and activity have been observed (Winter et al., 1982; Ward 
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and Woolhouse, 1986a; Ward and Woolhouse, 1986b; Tazoe et al., 2006), with an 
average reduction of 29% (Sage and McKown, 2006). 
Reduced Rubisco activity or content is common photosynthetic acclimation response 
to shade allowing for optimal N allocation and maximal capture of light energy 
(Boardman, 1977; Hikosaka and Terashima, 1995; Walters, 2005). Consequently, 
lower Rubisco activity may be a sign of shifting photosynthetic limitation from 
Rubisco (sun leaves) to electron transport (shade leaves) (Evans, 1988; Evans and 
Poorter, 2001). A comparable study by Ward and Woolhouse (1986a) subjecting C4-
NADP-ME grasses to deep shade reported a greater reduction in Rubisco activity in 
species from open habitat (34%) relative to shade habitat (3%). Likewise, NAD-ME 
species generally originate from relatively more open habitat than NADP-ME and 
PEP-CK species (Vogel et al., 1986; Hattersley, 1992; Schulze et al., 1996; Liu et al., 
2012). In addition, NAD-ME grasses operate with a higher leaf N and Rubisco content 
relative to NADP-ME and PEP-CK counterparts (Ghannoum et al., 2005; Ghannoum 
et al., 2011; Pinto et al., 2015). Similar trends were observed in the current study 
(Tables 4.3 and 4.8).  
Most importantly, NAD-ME species have lower photosynthetic quantum yield, max 
relative to NADP-ME and PEP-CK counterparts, indicating a greater limitation of 
electron transport capacity in the former subtype (Pearcy and Ehleringer, 1984). This 
limitation was exacerbated by shade to a greater extent in NAD-ME species as 
indicated by a greater reduction in max (Figure 4.4). This response may be attributed 
to a greater inefficiency of the NAD-ME CCM, especially under shade as argued 
below. This could also be attributed to inherent inefficiencies of the light conversion 
apparatus in the NAD-ME subtype due to the burden of operating two fully fledged 
linear electron transport systems with granal chloroplasts in both MC and BSCs. This 
is not the case for the NADP-ME subtype, and somewhat intermediate for the PEP-
CK subtype (Ghannoum et al., 2005; Ghannoum et al., 2011). Taken together, these 
findings support our first hypothesis stating that larger photosynthetic reduction in 
NAD-ME species is related to their higher Rubisco content and lower quantum yield 




4.4.2 Short-term light reduction compromised CCM efficiency to a greater 
extent in NAD-ME and PEP-CK than in NADP-ME species 
In the current study, photosynthetic ∆ measured at high light was similar in all the 
three C4 subtypes. This is in agreement with earlier studies (Henderson et al., 1992; 
Cousins et al., 2008). In control plants, CO2 assimilation rate, A decreased at low (PAR 
= 250 mol m-2 s-1) relative to high (PAR = 2000 mol m-2 s-1) light profoundly and 
equally in all the three C4 subtypes; this reduction occurred in parallel with gs, such 
that Ci/Ca was unchanged. At low light, ∆ increased more in NAD-ME (60%) and 
PEP-CK (60%) relative to NADP-ME (20%) grasses. Shade plants showed a similar 
trend, but ∆ increased at low light to a lesser extent than in control plants, with ∆ 
increasing by 27% in NAD-ME, 27% in PEP-CK and 13% in NADP-ME species. 
Previous studies reported similar increases in ∆ in monocot and dicot NAD-ME 
species under low light (Henderson et al., 1992; Cousins et al., 2008). For some 
NADP-ME species, reports showed smaller or no increase in ∆; examples include 
Henderson et al (1992) using Sorghum bicolor, Kubásek et al (2007) using Sorghum 
nigrum and Boerhavia coccinea and Cousins et al (2008) using Themada triandra. 
Higher increases in ∆ for NADP-ME species were reported in Z. mays (Henderson et 
al., 1992; Kromdijk et al., 2010; Bellasio and Griffiths, 2014a; Bellasio and Griffiths, 
2014b), Miscanthus x giganteus (Kromdijk et al., 2008; Ubierna et al., 2013), Flaveria 
bidentis (Pengelly et al., 2010), Cenchrus ciliaris, Paspalum dilatatum, and 
Pennisetum clandestinum (Cousins et al., 2008). In line with these reports, Z. mays 
showed increased ∆ in response to low light. In the current study, rate of electron 
transport (J) was not measured which limits the accountability of respiration and 
photorespiration in the term b’3 and b’4 (equation 7 and 8 respectively) at low light, 
hence ϕ at low light was not calculated (Ubierna et al., 2013; von Caemmerer et al., 
2014). 
Changes in ∆ under short-term changes in light (low light) could be attributed to 
increased leakiness (ϕ) due to two main factors. First, the C3 cycle is more inhibited 
than the C4 cycle, resulting in increased ϕ (von Caemmerer, 2000). Second, a high 
ratio of respiration relative to CO2 assimilation leads to a high [CO2] in BSC, and this 
in turn increases ϕ (Ubierna et al., 2011). The second factor is unlikely responsible for 
variation in the ∆ response between the C4 subtype, because Rd/A ratio increased 
similarly at low light. Although this study does not present direct evidence for 
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relatively less inhibition of C3 relative to C4 cycle in NADP-ME compared to PEP-
CK and NAD-ME species at low light, results from the shade treatment (discussed 
below) support this alternative. In conclusion, the second hypothesis stating that low 
light compromises CCM of NAD-ME and PEP-CK more than in NADP-ME species 
was supported. 
It is worth noting that, in addition to NADP-ME decarboxylase activity, Z. mays and 
C. ciliaris showed significant activity of PEP-CK decarboxylase while S. bicolor and 
P. antidotale appeared as true NADP-ME types. Without considering cytosolic 
resistance of BSC to CO2, Wang et al (2014) suggested the possibility of higher 
leakiness in the C4 photosynthesis model with mixed decarboxylase pathways. 
Discrepancy in ∆ for NADP-ME species and its association with PEP-CK as a 
supplementary decarboxylase enzyme needs to be further investigated. 
4.4.3 NADP-ME species maintained CCM efficiency under shade in contrast to 
NAD-ME and PEP-CK species 
Under shade, ∆ increased greatly in NAD-ME and PEP-CK species whereas it was 
unchanged in NADP-ME species. Similarly, shade increased ∆DM to a greater extent 
in NAD-ME (30%) and PEP-CK (22%) relative to NADP-ME (9%) species. An earlier 
study reported similar responses for ∆DM to growth in 10% sunlight in C4 grasses with 
different subtypes (Buchmann et al., 1996a). Previous studies using NADP-ME 
species (Z. mays, F. bidentis and Miscanthus x gigantus) reported similar responses of 
∆ for the equivalent light measurement conditions (Kromdijk et al., 2008; Kromdijk 
et al., 2010; Pengelly et al., 2010; Bellasio and Griffiths, 2014a). Discrepancy was 
reported in earlier studies for very low measurement light s (PAR< 250 mol m-2 s-1) 
that could be attributed to differential growth and measurement conditions (Bellasio 
and Griffiths, 2014a). The current study reports for the first time ∆ measurements for 
shade grown NAD-ME and PEP-CK species. The data for leaf δ13C is in agreement 
with earlier comparable studies for C4 subtypes (Henderson et al., 1992; Buchmann et 
al., 1996a; Tazoe et al., 2006; Cousins et al., 2008). 
Similarly to short-term low light, changes in ∆ under shade could be attributed to 
increased leakiness (ϕ) due to (i) greater inhibition of the C3 relative to the C4 cycle 
(von Caemmerer, 2000); and (ii) increased ratio of respiration to CO2 assimilation 
leading to high [CO2] in BSC, and this in turn increases ϕ (Ubierna et al., 2011).  
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Efficient CCM coordination requires that the activities of Rubisco and PEPC change 
in concert, for the fine balance operating between these two enzymes which modulate 
the pace of the C3 and C4 cycles during C4 photosynthesis, respectively (von 
Caemmerer and Furbank, 2003). However, differential response C4 and C3 cycle 
enzymes was reported in earlier studies with NADP-ME species (Sugiyama et al., 
1984; Ward and Woolhouse, 1986a; Sharwood et al., 2014).  
In the current study, the ratio of PEPC/initial Rubisco activity increased in NAD-ME 
species under shade, suggesting that the C3 cycle was more inhibited than the C4 cycle 
in shade-grown NAD-ME plants. Further, the ratio of Rd/A was increased; this will 
potentially result in increased ∆ in all species. In addition, shade caused a greater 
reduction of Φmax in NAD-ME plants (55%), suggesting a greater contribution of 
photorespiration, in line with increased ∆ under shade, especially that BSC of NAD-
ME species possess significant PSII activity (Ghannoum et al., 2005), and hence 
potentially high [O2]. 
For NADP-ME species, there was a decrease in the ratio of PEPC/initial Rubisco 
activity under shade. Hence, in NADP-ME plants, shade inhibited the C4 cycle more 
than the C3 cycle, and this could reduce ∆. In contrast, increased Rd/A ratio was 
observed, and this may potentially increase ∆ in shaded NADP-ME plants. 
Consequently, the combined effect of these opposing trends may cancel out. 
Accordingly, shade elicited no change in ∆ for NADP-ME species. In line with this 
conclusion, NADP-ME plants showed lower reduction in Φmax (3%) relative to the 
other two subtypes, and it is likely that the contribution from photorespiration is 
negligible in the low-O2 evolving BSC chloroplasts of NADP-ME species (Ghannoum 
et al., 2005). 
In shaded PEP-CK species, the ratio of PEPC/initial Rubisco activity was unchanged 
(intermediate response relative to the NAD-ME and NADP-ME species), while 
increased Rd/A ratio was observed to a greater (4-fold) extent than NAD-ME (3.3-fold) 
and NADP-ME (2-fold). Further, reduction of Φmax under shade was intermediate 
relative to NADP-ME and NAD-ME. Consequently, ∆ increased under shade in PEP-
CK species to a similar extent relative to NAD-ME counterparts. 
Thus, in support of third hypothesis, CCM in NADP-ME species remained efficient 
and well-coordinated under shade relative to the PEP-CK and NAD-ME species. In 
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previous work with shade acclimation in Z. mays, a NADP-ME species, Bellasio and 
Griffiths (2014b) proposed that higher reduction in PEPC activity relative to the C3 
cycle reduced ATP cost of CCM under shade to maintain ϕ, hence ∆. Findings reported 
here with NADP-ME species support this argument by providing direct measurements 
of in vitro C4 and C3 cycle enzymes as well as Фmax. This finding is also support by 
the modelling approach of Wang et al (2014) who suggested that the NADP-ME 
biochemical pathway is favoured at low light.  
It is worth noting that increased ∆  due to respiratory CO2 is not an energy cost for the 
CCM (Ubierna et al., 2011), and is considered a source of error for overestimation of 
ϕ (i.e., under-estimation of CCM efficiency) under low light. In this study, Rd for 
NADP-ME, NAD-ME and PEP-CK under shade was 0.9, 1.1 and 1.2, respectively. 
Consequently, the respiratory contribution to the isotopic difference between the three 
subtypes is negligible. Hence, by ignoring ∆ originated from Rd, the observed response 
of ∆ will be unchanged. However, isotopic signature of respired CO2 depends on the 
respired substrate. If the respired substrate is sugar, CO2 will be enriched in 
13C, while 
it will be deplete in 13C if respired substrate is lipid (Ghashghaie et al., 2003). Further 
investigations are needed to sort out variations in respired substrates at the level of the 
C4 subtypes. 
In NADP-ME and PEP-CK species, reduction in PEPC activity was not reflected in 
Vpmax. According to the C4 model (von Caemmerer, 2000), Vpmax estimation is 
influenced by Kp (Michaelis-Menten constant of PEPC for PEP) and mesophyll CO2 
concentration. CO2 fixed by PEPC is in the form of HCO
-
3 hydrated by carbonic 
anhydrase (CA) enzyme in MC. Hence, the substrate availability for PEPC enzyme is 
dependent on mesophyll conductance (gm) and CA activity. In C3 species shade leaves 
showed lower gm than sun leaves. These effects are yet to be explored for C4 species 
under shade. 
4.4.4 NADP-ME species conserved high PNUE trait under shade 
Past work undertaken under high light environment revealed that NADP-ME grasses 
possess a superior PNUE relative to NAD-ME counterparts (Bowman, 1991; 
Ghannoum et al., 2005), irrespective of evolutionary lineage (Pinto et al., 2014; Pinto 
et al., 2015). This trait was conserved under glacial CO2 2015(Pinto et al., 2014). 
However, such information under shade environment is lacking. In the current study, 
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high leaf N was one of the key traits that distinguished NAD-ME species, showing 
negative correlation with NADP-ME species according to the RDA (Figure 4.12). In 
line with the earlier studies, results obtained here demonstrate that contrasting PNUE 
trait was conserved by NADP-ME and NAD-ME species, with PEP-CK species 
remained as intermediates under shade. These difference are largely attributed to faster 
Rubisco enzymes in NADP-ME relative to NAD-ME species (Ghannoum et al., 2005). 
4.4.5 Shade reduced plant biomass and photosynthetic quantum yield in NAD-
ME and PEP-CK species more than in NADP-ME counterparts. 
The biogeography suggests that NAD-ME species are preferentially found in open and 
arid habitats relative to the other two C4 subtypes (Osmond et al., 1982; Vogel et al., 
1986; Hattersley, 1992; Schulze et al., 1996; Liu et al., 2012). On the one hand, most 
of the understory C4 grasses belongs to the NADP-ME subtypes, e.g. Setaria species 
(Schulze et al., 1996), Paspalum species (Ward and Woolhouse, 1986b; Klink and 
Joly, 1989; Firth et al., 2002) and Microstegium vimineum (Barden, 1987). Moreover, 
NADP-ME species form dense canopy crops such as Maize, Sorghum, Miscanthus and 
Sugarcane where most leaves are shaded (Sage, 2014).  
In the current study, CO2 assimilation at growth was reduced equally in all three C4 
subtypes under shade but dry mass was decreased to a greater extent in NAD-ME and 
PEP-CK species than the NADP-ME species. This greater reduction in biomass for 
NAD-ME and PEP-CK species could be attributed to reduced CCM efficiency which 
in turns resulted in a higher reduction of Φmax. Further, the ratio of Rd/A increased to 
a greater extent in NAD-ME and PEP-CK (3.3-4 fold) than NADP-ME species (2 fold) 
under shade, consequently leading to a higher C loss in these two subtypes. Taken 
together, these findings suggest that shade may favour NADP-ME species due to their 
efficient CCM relative to NAD-ME and PEP-CK species. 
4.5 Conclusions 
Using three biochemical subtypes from the main C4 grass tribes grown at full sunlight 
and shade (16% of full sunlight) equivalent to the light environment prevailing in 
lower crop canopies or forest understory, this study demonstrated that NADP-ME 
species generally performed better than NAD-ME species under shade. This 
acclimation response was underpinned by an efficient CCM by virtue of lower 
reduction in C3 relative to C4 cycle. These findings were corroborated by in vivo and 
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in vitro measurements of C3 and C4 cycle enzymes, maximum quantum yield of PSII 
(Фmax), photosynthetic carbon isotope discrimination (), leaf dry matter δ
13C and total 
plant dry mass. Future research is needed to quantify the impact of respiration and 
photorespiration on carbon isotope discrimination (∆) in the three biochemical 
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Table 4.2: Statistical summary 
Summary of statistical analysis using 2-way ANOVA to test for the effects of species and light treatment, and linear mixed effect model to test for subtype and light treatment 
effects where species were considered as random variable. Significance levels are ns, not significant (p > 0.05); * p < 0.05; ** p < 0.01; *** p < 0.001. 
 
  




Subtype Treat Subtype 
x Treat




Subtype Treat Subtype 
x Treat
Total DM (g plant
-1




) *** *** * ** ns *** *








) *** *** *** *** 0.10 *** *




) *** *** *** * 0.07 *** *
LMA (g m
-2
) *** *** *** *** ns *** ns Vpmax/Vcmax at H *** *** *** * *** *** ***
Leaf [N]mass (mg g
-1




) *** *** *** NA ** *** **
Leaf [N]area (gm
-2
) *** *** *** ** ns *** 0.07 Φmax (mol CO2 mol
-1
quanta) *** *** *** *** ** *** ***
Plant NUE *** *** ** *** 0.06 *** * Curvature factor (ϴ) *** 0.08 *** * *** *** ***




) ns *** ns ns ns *** ns
PNUE (µmol CO2 s-1 g-1 N) *** *** *** NA * * 0.06 Rubisco sites (µmol m
-2
) *** *** *** *** 0.08 *** 0.06
PWUE (µmol CO2 mol-1 
H2O)
*** * * *** ns ns ns Rubisco activation (%) *** *** *** * * ** *




) *** *** *** *** * *** **
Al (µmol m-2s-1) *** ** *** ** * *** *** PEPC/Rubisco activity *** *** *** *** * *** **




) *** *** *** NA *** *** ***




) *** *** *** *** ** *** ns




) *** *** *** *** ns *** ns




) *** *** *** *** ns *** *
Ci/Ca at H *** *** 0.06 *** ns *** ns Protein (g m
-2
) * *** *** NA ns *** ns
Ci/Ca at L *** ns * 0.07 ns ns ns Chlorophyll A/B *** *** NA * * *** ns
Leakiness (ɸ) at H *** ** * *** * ** * Chlorophyll A+B  (mmol m
-2
) *** *** *** * ns ** ns
Leakiness (ɸ) at L *** ns ns *** ns ns ns
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Table 4.3: Summary of parameters derived from A-Ci and light responses curves 
A-Ci derived parameters of eight C4 grasses grown at control or shade (16% of natural sunlight) environments. Values are means ±SE (n= 3-4). Letters indicate the ranking 
(lowest = a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. 




P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca
Control 76±4a 122±12c 113±4c 100±3ac 81±1ab 104±7bc 99±3ac 113±5c
Shade 50±4bc 47±2ac 50±4bc 72±3d 45±1ab 56±2c 49±2bc 35±3a
fold change 0.66 0.39 0.44 0.72 0.55 0.54 0.5 0.31
Control 47±2a 61±1b 56±4ab 59±0b 59±1b 54±2ab 49±2ab 57±2ab
Shade 35±2cd 26±1b 39±0de 45±3e 31±2bd 32±2bd 28±1bc 17±1a
fold change 0.75 0.44 0.69 0.76 0.53 0.6 0.57 0.3
Control 1.6±0.1a 2±0.2a 2.1±0.2a 1.7±0a 1.4±0a 2±0.2a 2±0a 2±0.1a
Shade 1.5±0.2a 1.8±0.2a 1.3±0.1a 1.6±0.1a 1.5±0.1a 1.8±0.2a 1.8±0.1a 2.1±0.3a
fold change 0.89 0.9 0.64 0.95 1.08 0.92 0.9 1.08
Control 38±2a 64±1c 55±2bc 53±1b 58±2bc 56±2bc 53±2b 62±2bc
Shade 31±3bc 24±2b 34±3cd 43±0d 26±1bc 26±2bc 24±2bc 13±1a
fold change 0.81 0.37 0.61 0.82 0.45 0.47 0.46 0.2
Control 0.06±0a 0.06±0ac 0.05±0a 0.07±0bcd 0.07±0cd 0.07±0cd 0.06±0ab 0.08±0d
Shade 0.04±0.01bd 0.05±0bd 0.04±0bd 0.06±0cd 0.06±0d 0.04±0bc 0.04±0ab 0.03±0a
fold change 0.79 0.75 0.92 0.83 0.77 0.58 0.61 0.33
Control 0.05±0ac 0.04±0ab 0.04±0a 0.05±0bc 0.05±0cd 0.06±0d 0.04±0a 0.05±0cd
Shade 0.04±0bc 0.04±0bc 0.04±0bc 0.05±0c 0.05±0c 0.04±0bc 0.03±0.01ab 0.02±0a
fold change 0.84 0.95 0.98 1.11 0.93 0.69 0.75 0.33
Control 0.59±0.05ab 0.81±0.02bc 0.92±0.03c 0.87±0.02c 0.55±0.05a 0.58±0.04a 0.63±0.02ab 0.47±0.04a
Shade 0.55±0.04a 0.73±0.04a 0.63±0.09a 0.45±0a 0.54±0.03a 0.72±0.06a 0.53±0.02a 0.75±0.03a
fold change 0.94 0.9 0.68 0.52 0.97 1.23 0.84 1.6
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Figure 4.1: Glasshouse growth conditions. 
Glasshouse conditions during the experimental growth period; PPFD (A), relative 
humidity (B) and air temperature (C). The solid lines represent the growth averages, 
while the faint data points show all collected values. Average conditions for the control 
and shade treatments are also shown. Instantaneous leaf temperature (D) taken with 
an infra-red camera (AGRI-THERM II™) of some grasses are shown during a typical 





Figure 4.2: Total plant dry mass and leaf area. 
Total plant dry mass, DM (A), relationship between total leaf area and total DM (B), 
CO2 assimilation rate (C) and dark respiration (D) for three biochemical subtypes C4 
grasses grown in control (white) or shade (16% of natural sunlight; black) 
environments. Each column represents the mean ± SE of species or subtypeFor graph 
A and D statstical significance levels (t-test) for the growth condition within each 
species or subtype are shown and they are: * = p < 0.05; ** = p < 0.01: *** = p < 
0.001.  In graph B measurements were made at a PAR of 2000 and 250 mol quanta 
m-2 s-1 for both control or shade (16% of natural sunlight) treatments. Letters indicate 
the ranking (lowest = a) withim each species or subtypes using multiple-comparison 





Figure 4.3: Relationships among physiological and in-vivo derived parameters. 
CO2 assimilation (Ah), stomatal conductance (gh), Vpmax and Vcmax derived from ACi 
curve measured under high light, Jmax and max derived from light response curves, 
leaf N[area], dry matter delta ∆DM and online gas exchange delta measured at growth 
light ∆growth for eight C4 grasses belonging to three biochemical subtypes growth in 
control or shade (16% of natural sunlight) environments. Straight lines are linear 





Figure 4.4: CCM efficiency parameters. 
Photosynthetic C isotope discrimination, ∆ measured concurrently with leaf gas exchange (A), C 
isotope discrimination, leakiness (ϕ) estimated at measured light (h or l) (C), ∆DM calculated from leaf 
dry matter 13 (E) and maximum quantum yield of PSII, Фmax (F) for C4 grasses belonging to three 
biochemical subtypes grown in control (white/blue) or shade (16% of natural sunlight; black/red) 
environments. Each column represents the mean ± SE of species or subtype. Statstical significance 
levels (t-test) for the growth condition within each species or subtype are shown and they are: * = p < 
0.05; ** = p < 0.01: *** = p < 0.001. In B, ∆ measured at both high (symbols without dots) and low 
light (symbols with dots) was plotted against Ci/Ca. In D, ∆ measured at growth light (∆growth) was 




Figure 4.5: Photosynthetic CO2 response curve (A-Ci) of grasses. 
Responses of CO2 assimilation rate to increasing intracellular CO2 concentration, Ci were measured at 
low light, 250 μmol quanta m-2 s-1 (dashed line and open symbol) and high light, 2000 μmol quanta m-
2 s-1 (straight line and closed symbols) in C4-NADP-ME (A-D), C4-PEP-CK (E-F) and C4-NAD-ME 
(G-H) grasses grown in control (blue and circle) or shade (16% of natural sunlight; red and triangle) 





Figure 4.6: Photosynthetic light response curve for C4 grasses. 
Responses of CO2 assimilation rate (A) to increasing light (PPFD) were measured at saturating CO2 (Ca 
= 650 µL L-1) in C4-NADP-ME (A-D), C4-PEP-CK (E-F) and C4-NAD-ME (G-H) grasses grown in 
control (blue) or shade (16% of natural sunlight; red) environments. Values are means of 3-4 replicates 




Figure 4.7: Rubisco and PEPC activity parameters. 
Rubisco sites (A), Rubisco activation (B), Rubisco activity (C), PEPC activity (D), PEPC to Rubisco 
activity ratio and decarboxylases activity for three biochemical subtypes of C4 grasses grown in 
control (white) or shade (16% of natural sunlight; black) environments. Each column represents the 
mean ± SE of species or subtype. Statstical significance levels (t-test) for the growth condition within 




Figure 4.8: Relationships among CO2 assimilation rate and in-vitro parameters. 
CO2 assimilation rate (Ah), Rubisco, PEPC and decarboxylases activity, leaf N[area], ratio of Vpmax to 
Vcmax and ratio of PEPC to Rubisco activity for eight C4 grasses belonging to three biochemical subtypes 
grown in control or shade (16% of natural sunlight) environments. Straight lines are linear regressions 







Figure 4.9: Immunoblot analysis of photosynthetic enzymes. 
Immunoblot analysis for the photsynthetic proteins Rubisco, PEPC, PEP-CK and NADP-ME extracted 
from leaves of selected grass species grown in control (C) or shade (S) environments. Loaded volumes 





Figure 4.10: RDA tri-plot for leaf parameters. 
Redundancy analysis (RDA) using leaf traits: CO2 assimilation rate at high light (Ah), stomatal 
conductance at high light (gs-h), PEPC activity (PEPC-act), Rubisco activity (Rub-act), Rubisco sites 
(Rub-st), Rubisco activation, ratio of intracellular to ambient CO2 (Ci/Ca), ratio of PEPC to Rubisco 
activity, Vpmax, Vcmax, Jmax, Amax, ratio of Vpmax and Vcmax, maximum quantum yield, curvature of light 
response curve, dry matter-derived C istope discrimination (∆DM), photosynthetic water use efficiency 
(PWUE), photosynthetic nitrogen use efficiency (PNUE), leaf N[mass], total chlorophyll a +b 
concentration (Chl), ratio of chlorophyll a/b, leaf mass per area (LMA), leaf protein content measured 
for eight C4 grasses belonging to three biochemical subtypes (NADP-ME, PEP-CK and NAD-ME) 
grown in control or shade environments. Measured parameters are shown in circles and the 
experimental factors (subtype and treatment) are shown as black arrows. Only highly influential 




Table S 4.1: Summary of plant growth parameters. 
Growth parameters of eight C4 grasses grown in control or shade (16% of natural sunlight) environments. Values are means ± SE (n= 3-4). Letters indicate the ranking (lowest 
= a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. 




P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME C4
Control 55.8±2.5bc 52.3±3.8bc 44.3±4.1b 65.2±4.4cd 84.3±7.2d 79.8±2.7d 46.8±3.3bc 19.6±3.7a 54.3±2.7ab 82.1±3.7b 35.1±5.9a 57.2±3.8
Shade 12.1±0.6d 2.5±0.3b 2.9±0.1b 23.5±1.2e 7±1.3c 5.9±0.5c 2.8±0.5b 0.4±0.1a 10.2±2.2a 6.5±0.7a 1.6±0.5a 7.1±1.3
fold change 0.22 0.05 0.06 0.36 0.08 0.07 0.06 0.02 0.19 0.08 0.05 0.12
Control 0.46±0.03ac 0.44±0.03ac 0.22±0.03a 0.31±0.01ab 0.68±0.08c 0.43±0.06ac 0.52±0.06bc 0.2±0.08a 0.35±0.03a 0.56±0.07a 0.36±0.08a 0.41±0.03
Shade 0.36±0.02f 0.05±0.01b 0.03±0b 0.21±0.01ef 0.12±0.02de 0.09±0.01cd 0.05±0.01bc 0.01±0a 0.16±0.04a 0.11±0.01a 0.03±0.01a 0.12±0.02
fold change 0.78 0.11 0.15 0.68 0.18 0.21 0.1 0.04 0.47 0.19 0.08 0.29
Control 0.6±0.03d 0.41±0.02ad 0.5±0.08cd 0.21±0.01a 0.3±0.03ac 0.34±0.02ac 0.45±0.09bcd 0.25±0.02ab 0.42±0.04a 0.32±0.02a 0.37±0.06a 0.38±0.03
Shade 0.23±0.03b 0.15±0.01ab 0.24±0.01b 0.17±0.02ab 0.12±0.01a 0.12±0a 0.18±0.03ab 0.19±0.02ab 0.2±0.01b 0.12±0a 0.19±0.02ab 0.17±0.01
fold change 0.39 0.36 0.47 0.8 0.42 0.35 0.39 0.77 0.47 0.38 0.51 0.46
Control 33±2a 53±6c 27±2a 49±2bc 36±0a 32±1a 39±2ab 34±3a 41±3a 34±1a 37±2a 38±2
Shade 17±1a 27±5bc 28±2bc 30±1bc 21±1ab 33±2c 23±2ac 22±1ab 25±2a 27±2a 22±1a 25±1
fold change 0.51 0.51 1.04 0.61 0.59 1.04 0.57 0.64 0.61 0.8 0.61 0.65
Control 40±2b 39±1b 40±1b 32±1a 42±1b 44±1b 43±1b 53±1c 38±1a 43±1ab 48±2b 42±1
Shade 49±1c 38±0b 32±2a 37±0b 43±0c 35±1ab 43±2c 49±1c 39±2a 39±2a 46±1a 41±1
fold change 1.2 0.96 0.79 1.14 1.03 0.78 1.01 0.92 1.02 0.9 0.96 0.97
Control 1.44±0.08b 2.2±0.11d 1.06±0.07a 1.68±0.04bc 1.51±0.02b 1.41±0.05b 1.68±0.08bc 1.99±0.02cd 1.56±0.13a 1.46±0.03a 1.81±0.08a 1.59±0.07
Shade 0.81±0.05a 0.81±0.04ab 1±0.1ac 1.11±0.03c 0.93±0.05ac 1.14±0.06c 0.97±0.04ac 1.08±0.04bc 0.94±0.05a 1.03±0.05a 1.02±0.03a 0.99±0.03
fold change 0.56 0.37 0.94 0.66 0.61 0.81 0.58 0.54 0.61 0.71 0.57 0.62
Control 104±2c 102±4c 135±7d 138±6d 104±7c 72±3ab 83±4bc 57±3a 120±5b 86±7ab 72±6a 99±5
Shade 54±5b 60±2b 87±5c 87±3c 61±1b 58±1b 53±3b 36±2a 71±4b 60±1ab 43±4a 61±3
fold change 0.52 0.58 0.64 0.63 0.59 0.81 0.64 0.64 0.59 0.69 0.61 0.62
SubtypeNADP-ME PEP-CK NAD-ME
Leaf [N]mass (mg g
-1
)
Total DM    (g plant
-1
)

















Table S 4.2: Summary of linear relationships among growth, physiological and biochemical parameters. 
Growth, physiological and biochemical parameters of eight C4 grasses grown in control or shade (16% of natural sunlight) environments were fitted using linear regressions. 
Values are r2 of linear regression and significant r2 are shown in bold (p < 0.05). ‘-’ indicates that data is not available. 
 
  
P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME Control Shade
Total DM ~ Total LA 0.68 1 0.96 0.98 0.98 0.88 0.98 0.98 0.52 0.86 0.97 0.43 0.52 0.73
Rood DM ~ Shoot DM 0.98 0.99 0.89 0.94 0.95 0.98 0.84 0.98 0.58 0.96 0.83 0.34 0.9 0.77
A ~ gs 0.93 0.89 0.98 0.92 0.95 0.95 0.91 0.97 0.91 0.95 0.94 0.92 0.89 0.92
A ~ Narea 0.99 0.99 0.19 0.95 0.98 0.8 0.99 1 0.62 0.82 0.9 0.32 0.03 0.59
Rd ~ Narea 0.91 0.97 0.95 0.67 0.92 0.99 0.85 0.18 0.72 0.27 0.14 0.54
∆DM  ~ ∆ 0.37 0.98 0.61 0.89 0.89 0.95 0.96 0.12 0.91 0.67 0.26 0.59 0.57
Vpmax ~ Vcmax 0.96 0.95 0.78 0.94 0.98 0.93 0.98 0.99 0.83 0.8 0.97 0.38 0.65 0.84
Amax ~Vcmax 0.78 0.99 0.81 0.84 0.99 0.96 0.98 1 0.89 0.97 0.99 0.59 0.85 0.93
Amax ~Vpmax 0.77 0.93 0.95 0.95 0.99 0.95 0.99 0.99 0.91 0.86 0.98 0.63 0.75 0.9
Amax ~ Φmax 0.82 0.77 0.4 0.75 0.93 0.99 0.99 0.99 0.42 0.82 0.92 0.24 0.48 0.65
Amax ~ Narea 0.21 0.95 0.04 0.88 0.88 0.48 0.84 0.98 0.45 0.68 0.84 0.09 0.03 0.47
Amax ~ ∆GROWTH 0.89 0.77 0.51 0.28 0.71 0.65 0.93 0.05 0.38 0.82 0.14 0.11 0.22
Amax ~ ∆DM 0.48 0.79 0.75 0.34 0.57 0.67 0.64 0.91 0.29 0.44 0.72 0.04 0.51 0.24
Φmax ~ ∆GROWTH 0.76 0.94 0.08 0.2 0.67 0.17 0.87 0.02 0.48 0.74 0 0.06 0.23
Φmax ~ ∆DM 0.35 0.34 0.5 0.08 0.43 0.71 0.51 0.83 0.06 0.61 0.5 0.25 0.27 0.12
Rubisco activity ~ Rubisco activation (%) 0.5 0.78 0.28 0.94 0.57 0.6 0.7 0.93 0.03 0.56 0.17 0 0.03 0.01
Rubisco activity ~ PEPC activity 0.79 0.8 0.92 0.85 0.89 0.95 0.96 0.86 0.63 0.8 0.87 0.01 0.32 0.45
Rubisco activity ~Vcmax 0.36 0.68 0.37 0.47 0.43 0.69 0.93 0.74 0.51 0.37 0.56 0.1 0 0.43
PEPC activity ~ Vpmax 0.74 0.87 0.87 0.84 0.85 0.69 0.79 0.55 0.52 0.68 0.49 0.08 0.39 0.39
PEPC/Rubisco ~ Vpmax/Vcmax 0.44 0.79 0.82 0.35 0.53 0.04 0.36 0 0.07 0.06 0.09 0.03 0.16 0
PEPC/Rubisco ~ ∆GROWTH 0.97 0.8 0.08 0 0.59 0.36 0.28 0 0.16 0 0.06 0.19 0.19
PEPC/Rubisco ~ ∆DM 0.55 0.59 0.77 0.12 0.43 0.92 0.01 0.73 0.28 0.57 0.37 0.4 0.5 0.45
Vpmax/Vcmax ~ ∆GROWTH 0.32 1 0.51 0.16 0.01 0.04 0.01 0 0.09 0.01 0.5 0.37 0.14
Vpmax/Vcmax ~ ∆DM 0.17 0.32 0.91 0.13 0 0.01 0.6 0 0 0.17 0.01 0.03 0.26 0.03
Vpmax~ Narea 0.5 0.8 0 0.83 0.92 0.37 0.88 0.93 0.4 0.55 0.86 0.02 0 0.49
Vcmax~ Narea 0.43 0.93 0.11 0.8 0.89 0.37 0.75 0.96 0.44 0.67 0.79 0.01 0 0.43
Φmax ~ Narea 0.4 0.88 0.65 0.56 0.75 0.51 0.65 0.94 0.39 0.41 0.77 0.11 0.09 0.35
A ~ Rubisco activity 0.94 0.76 0.95 0.79 0.56 0.96 1 0.84 0.74 0.57 0.66 0.06 0.06 0.59
A ~ PEPC activity 0.83 0.99 0.98 0.98 0.82 0.92 0.96 0.59 0.57 0.84 0.47 0.02 0.54 0.46
A ~ Deacarboxylases activity 0.91 0.95 0.99 0.86 0.91 0.99 0.99 0.9 0.75 0.34 0.89 0 0.48 0.38
Rubiscto activity ~ Rubisco sites 0.82 0.83 0.85 0.92 0.95 0.82 0.98 0.87 0.68 0.9 0.91 0.33 0.55 0.69
Rubisco activity ~ Decarbxylases activity 0.88 0.93 0.96 0.93 0.93 0.93 0.98 0.98 0.66 0.56 0.86 0.14 0.49 0.5
PEPC activity ~ Decarboxylases activity 0.98 0.97 0.97 0.82 0.98 0.91 0.95 0.91 0.5 0.29 0.78 0 0.59 0.3
Rubisco sites ~ Narea 0.95 1 0.46 0.9 0.77 0.91 0.99 0.99 0.55 0.76 0.58 0.05 0.77 0.5
Rubisco activity ~ Narea 0.96 0.87 0.14 0.86 0.66 0.91 1 0.83 0.59 0.67 0.73 0.05 0.51 0.56
Decarboxylases activity ~ Narea 0.98 0.99 0.13 0.82 0.95 0.8 0.99 0.89 0.59 0.31 0.88 0.01 0.33 0.22
Parameater C4NADP-ME PEP-CK NAD-ME Subtype Treatment
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Table S 4.3: Summary of gas exchange parameters. 
Gas exchange parameters of eight C4 grasses grown in control or shade (16% of natural sunlight) environments. Values are means ±SE (n= 3-4). Letters indicate the ranking 
(lowest = a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. 
Significant fold change is shown in bold (p < 0.05). ‘-’ indicates that data is not available. 
 
  
P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME C4
Control 36±2a 46±1c 41±2ac 44±2bc 42±1bc 40±1ac 39±1ab 45±1c 42±1a 41±1a 42±1a 42±1
Shade 26±1c 22±1bc 23±2bc 35±1d 22±2bc 22±1bc 19±1b 12±1a 25±1b 22±1ab 16±1a 22±1
fold change 0.72 0.48 0.56 0.8 0.52 0.55 0.48 0.27 0.61 0.53 0.38 0.52
Control 12±1bc 10±0ab 8±0a 11±1ac 13±1c 11±1bc 10±0ac 11±0ac 10±1a 12±1a 11±0a 11±0
Shade 12±1c 8±1ab 9±0ac 11±0bc 8±1ab 10±0bc 8±1ab 7±1a 10±0a 9±0a 8±1a 9±0
fold change 0.99 0.87 1.11 1.02 0.6 0.85 0.76 0.61 0.99 0.74 0.7 0.84
Control 0.32±0.03a 0.35±0.04a 0.28±0.02a 0.37±0.03a 0.32±0.02a 0.28±0.01a 0.3±0.03a 0.34±0.01a 0.33±0.02a 0.31±0.01a 0.33±0.01a 0.32±0.01
Shade 0.21±0.02c 0.19±0.01c 0.15±0.02ac 0.33±0.03d 0.18±0.02bc 0.17±0.01ac 0.14±0.01ab 0.12±0.01a 0.21±0.02b 0.17±0.01ab 0.13±0.01a 0.18±0.01
fold change 0.65 0.54 0.55 0.9 0.55 0.6 0.45 0.35 0.65 0.57 0.4 0.55
Control 0.09±0.01a 0.06±0a 0.06±0.01a 0.07±0a 0.07±0.01a 0.07±0a 0.07±0.02a 0.07±0.01a 0.07±0a 0.07±0a 0.07±0.01a 0.07±0
Shade 0.09±0.01b 0.07±0.01ab 0.05±0ab 0.08±0.02ab 0.04±0a 0.06±0.01ab 0.06±0.01ab 0.07±0.01ab0.07±0.01a 0.05±0a 0.06±0.01a 0.06±0
fold change 1.05 1.06 0.92 1.14 0.6 0.79 0.82 0.95 1.05 0.72 0.86 0.9
Control 1.4±0ab 1.5±0.1ab 1.5±0.3ab 1.9±0.2b 1±0.1a 1.3±0.1ab 1.4±0.1ab 1.6±0.1b 1.6±0.1b 1.1±0.1a 1.5±0.1ab 1.4±0.1
Shade 0.9±0.1ab 0.8±0.1ab 1±0.1ab 1.1±0ab 0.6±0.1a 1.5±0.2b 1.1±0.1b 0.9±0.2ab 0.9±0.1a 1.2±0.2a 1.1±0.1a 1.1±0.1
fold change 0.64 0.54 0.65 0.56 0.6 1.18 0.83 0.56 0.58 1.05 0.71 0.75
Control 26±0bc 21±1a 40±2e 28±0cd 28±0cd 29±1d 23±0ab 23±0ab 29±2a 29±0a 23±0a 28±1
Shade 32±1e 30±1de 24±1bc 32±1e 26±1cd 20±0b 21±0b 12±1a 29±1b 23±1ab 17±2a 24±1
fold change 1.24 1.4 0.59 1.15 0.92 0.7 0.91 0.52 0.99 0.81 0.72 0.88
Control 112±8a 133±13a 148±6a 124±9a 131±7a 144±5a 131±10a 133±5a 130±5a 137±5a 132±5a 133±3
Shade 126±11ac 108±2a 152±6c 109±6ab 124±5ac 133±8bc 140±7c 103±2a 121±5a 128±5a 124±6a 124±3
fold change 1.12 0.81 1.03 0.88 0.95 0.93 1.06 0.78 0.93 0.94 0.94 0.93
Treat NADP-ME PEP-CK NAD-ME Subtype
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Table S 4.4: Summary of carbon isotope discrimination parameters. 
Carbon isotope discrimination parameters for eight C4 grasses grown at control or shade (16% of natural sunlight) environments. Values are means ±SE (n= 3-4). Letters 
indicate the ranking (lowest = a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly 




P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME C4
Control 0.41±0.02b 0.28±0.04ab 0.25±0.02a 0.34±0.04ab 0.32±0.03ab 0.27±0.02ab 0.33±0.04ab 0.37±0.02ab 0.32±0.02a 0.3±0.02a 0.36±0.02a 0.32±0.01
Shade 0.38±0.04ab 0.45±0.03bc 0.3±0.02a 0.42±0.04ac 0.41±0.02ac 0.38±0.03ab 0.35±0.03ab 0.53±0.01c 0.4±0.02a 0.4±0.02a 0.43±0.03a 0.41±0.01
fold change 0.94 1.64 1.19 1.23 1.28 1.41 1.04 1.42 1.28 1.33 1.19 1.27
Control 0.39±0.04a 0.32±0.01a 0.37±0.04a 0.3±0.04a 0.17±0.03a 0.33±0.06a 0.4±0.15a 0.34±0.08a 0.35±0.02a 0.26±0.04a 0.37±0.08a 0.33±0.02
Shade 0.43±0.04ab 0.43±0.04ab 0.24±0.08a 0.22±0.1a 0.22±0.03a 0.25±0.04a 0.36±0.05ab 0.58±0.02b 0.35±0.04a 0.24±0.02a 0.44±0.04a 0.34±0.02
fold change 1.1 1.34 0.65 0.74 1.31 0.76 0.91 1.7 1 0.93 1.19 1.04
Control 1.97±0.07a ─ ─ 2.4±0.23a 2.19±0.36a 2.89±0.19ab 3.56±0.24b 2.26±0.12a 2.26±0.17a 2.58±0.21a 2.91±0.28a 2.57±0.13
Shade 1.41±0.26a ─ 2.44±0.04ab 2.98±0.3bc 2.36±0.02ab 3.75±0.11c 3.74±0.28c 3.43±0.16bc 2.15±0.23a 3.15±0.29a 3.63±0.19a 2.92±0.18
fold change 0.72 ─ ─ 1.24 1.08 1.3 1.05 1.52 0.95 1.22 1.25 1.14
Control 1.94±0.55a ─ 2.96±0.02ab 4.46bc 3.87±0.15bc 4.46±0.22bc 4.97±0.23c 4.36±0.31bc 2.7±0.48a 4.17±0.17a 4.66±0.21a 3.95±0.23
Shade 1.74±0.07a ─ 2.81±0.2b 4.57cd 3.18±0.31bc 4.74±0.16d 4.42±0.18d 4.85±0.26d 2.45±0.3a 4.07±0.35a 4.58±0.15a 3.69±0.23
fold change 0.9 ─ 0.95 1.02 0.82 1.06 0.89 1.11 0.91 0.98 0.98 0.94
Control 0.14±0.01ab ─ ─ 0.13±0.02ab 0.12±0.03a 0.22±0.03bc 0.28±0.03c 0.14±0ab 0.14±0.01a 0.17±0.03a 0.21±0.03a 0.17±0.01
Shade 0.09±0.03a ─ 0.17±0.01a 0.14±0.02a 0.16±0.02a 0.29±0.01b 0.3±0.03b 0.28±0.02b 0.13±0.02a 0.23±0.03ab0.29±0.02b 0.22±0.02
fold change 0.66 ─ ─ 1.09 1.32 1.33 1.06 2.01 0.99 1.34 1.39 1.27
Control 0.13±0.02a ─ 0.2±0.01ab 0.35bc 0.22±0.04ab 0.33±0.02bc 0.34±0.01c 0.32±0.03bc 0.19±0.04a 0.27±0.03a 0.33±0.02a 0.27±0.02
Shade 0.11±0.02a ─ 0.16±0.01ab 0.38d 0.22±0.02bc 0.35±0.02d 0.31±0.02cd 0.32±0.02d 0.16±0.03a 0.31±0.03a 0.31±0.01a 0.26±0.02
fold change 0.86 ─ 0.79 1.08 1.03 1.08 0.9 1.01 0.85 1.14 0.95 0.96
Control 5±0.1ab 4.7±0.1a 4.9±0.2ab 4.6±0.1a 5.8±0.3bc 6.6±0.3cd 6.5±0.3cd 7.1±0.2d 4.8±0.1a 6.1±0.3b 6.8±0.2b 5.5±0.2
Shade 5.3±0bc 6±0.2c 4.5±0.1a 5±0.1ab 6.9±0.1d 8.2±0.2e 8.3±0.2e 9.3±0.1f 5.2±0.2a 7.5±0.3b 8.8±0.2b 6.7±0.3





Leakiness (ɸ) at L
Leakiness (ɸ) at H
∆ (‰) at L
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Table S 4.5: Summary of parameters derived from A-Ci and light responses curves. 
A-Ci derived parameters of eight C4 grasses grown at control or shade (16% of natural sunlight) environments. Values are means ±SE (n= 3-4). Letters indicate the ranking 
(lowest = a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. 




P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca
Control 76±4a 122±12c 113±4c 100±3ac 81±1ab 104±7bc 99±3ac 113±5c
Shade 50±4bc 47±2ac 50±4bc 72±3d 45±1ab 56±2c 49±2bc 35±3a
fold change 0.66 0.39 0.44 0.72 0.55 0.54 0.5 0.31
Control 47±2a 61±1b 56±4ab 59±0b 59±1b 54±2ab 49±2ab 57±2ab
Shade 35±2cd 26±1b 39±0de 45±3e 31±2bd 32±2bd 28±1bc 17±1a
fold change 0.75 0.44 0.69 0.76 0.53 0.6 0.57 0.3
Control 1.6±0.1a 2±0.2a 2.1±0.2a 1.7±0a 1.4±0a 2±0.2a 2±0a 2±0.1a
Shade 1.5±0.2a 1.8±0.2a 1.3±0.1a 1.6±0.1a 1.5±0.1a 1.8±0.2a 1.8±0.1a 2.1±0.3a
fold change 0.89 0.9 0.64 0.95 1.08 0.92 0.9 1.08
Control 38±2a 64±1c 55±2bc 53±1b 58±2bc 56±2bc 53±2b 62±2bc
Shade 31±3bc 24±2b 34±3cd 43±0d 26±1bc 26±2bc 24±2bc 13±1a
fold change 0.81 0.37 0.61 0.82 0.45 0.47 0.46 0.2
Control 0.06±0a 0.06±0ac 0.05±0a 0.07±0bcd 0.07±0cd 0.07±0cd 0.06±0ab 0.08±0d
Shade 0.04±0.01bd 0.05±0bd 0.04±0bd 0.06±0cd 0.06±0d 0.04±0bc 0.04±0ab 0.03±0a
fold change 0.79 0.75 0.92 0.83 0.77 0.58 0.61 0.33
Control 0.05±0ac 0.04±0ab 0.04±0a 0.05±0bc 0.05±0cd 0.06±0d 0.04±0a 0.05±0cd
Shade 0.04±0bc 0.04±0bc 0.04±0bc 0.05±0c 0.05±0c 0.04±0bc 0.03±0.01ab 0.02±0a
fold change 0.84 0.95 0.98 1.11 0.93 0.69 0.75 0.33
Control 0.59±0.05ab 0.81±0.02bc 0.92±0.03c 0.87±0.02c 0.55±0.05a 0.58±0.04a 0.63±0.02ab 0.47±0.04a
Shade 0.55±0.04a 0.73±0.04a 0.63±0.09a 0.45±0a 0.54±0.03a 0.72±0.06a 0.53±0.02a 0.75±0.03a
fold change 0.94 0.9 0.68 0.52 0.97 1.23 0.84 1.6
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Table S 4.6: Summary of biochemical parameters. 
Biochemical parameters of eight C4 grasses grown at control or shade (16% of natural sunlight) environments. Values are means ±SE (n= 3-4). Letters indicate the ranking 
(lowest = a) of species or subtypes within each single row using multiple-comparison Tukey test. Values followed by the same letter are not significantly different at 5% level. 




P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME C4
Control 14±2a 13±2a 14±2a 20±1a 14±3a 17±2a 17±2a 20±2a 15±1a 16±2a 18±2a 16±1
Shade 5±1a 12±1b 7±1ab 12±1b 4±1a 8±2ab 5±0a 4±0a 9±1a 6±1a 4±0a 7±1
fold change 0.39 0.91 0.52 0.6 0.28 0.48 0.27 0.2 0.61 0.39 0.23 0.45
Control 33±1a 31±1a 29±1a 31±2a 29±4a 36±4a 37±3a 29±1a 31±1a 32±3a 33±2a 32
Shade 16±1ab 13±1a 16±2ab 21±2b 11±2a 23±2b 11±1a 15±1ab 16±1a 17±3a 13±1a 16
fold change 0.5 0.44 0.55 0.66 0.37 0.63 0.29 0.53 0.53 0.52 0.4 0.49
Control 6.2±0.1a 5.1±0.2a 5±0.2a 5.7±0.3a 5.5±0.8a 6.3±0.8a 11±1b 6.7±0.2a 5.5±0.2a 5.8±0.5ab 8.5±1b 6.3±0.4
Shade 2.9±0.2ac 2.2±0.1a 3.1±0.4ac 3.8±0.4bc 2.5±0.2ab 4±0.4c 3.2±0.2ac 3.5±0.2ac 3±0.2a 3.2±0.4a 3.4±0.2a 3.1±0.1
fold change 0.48 0.44 0.61 0.66 0.46 0.63 0.29 0.53 0.53 0.56 0.39 0.49
Control 42±4a 41±6a 47±5ab 62±1ab 44±2ab 48±1ab 45±1ab 65±7b 47±3a 46±1a 55±5a 49±2
Shade 32±6ab 83±5d 44±1bc 58±1cd 36±5ab 36±5ab 41±1bc 25±1a 54±6a 36±3a 33±4a 44±4
fold change 0.76 2.02 0.94 0.93 0.8 0.75 0.92 0.38 1.15 0.78 0.6 0.91
Control 184±4d 128±6bc 274±13e 193±4d 169±22cd 160±16cd 94±12ab 51±11a 189±13b 165±13ab 69±12a 154±12
Shade 46±8bc 20±2a 77±8cd 98±6d 48±6bc 65±11cd 27±3ab 19±3a 59±9a 57±7a 23±3a 50±6
fold change 0.25 0.16 0.28 0.51 0.28 0.41 0.29 0.38 0.31 0.34 0.34 0.32
Control 5.7±0.2c 4.2±0.1b 9.3±0.1d 6±0.2c 5.9±0.2c 4.5±0.2b 2.5±0.2a 1.7±0.3a 6.1±0.5b 5.3±0.3ab 2.1±0.3a 4.9±0.4
Shade 2.8±0.3a 1.5±0.1a 5.2±0.6b 4.8±0.2b 4.8±0.8b 2.9±0.2a 2.5±0.2a 1.2±0.1a 3.4±0.5a 3.8±0.6a 1.9±0.3a 3.1±0.3
fold change 0.49 0.36 0.56 0.79 0.82 0.64 0.99 0.73 0.56 0.73 0.91 0.64
Control 57±2c 47±2b 50±2bc 49±3b 1±0a 1±0a 4±0a 3±1a 51±1b 1±0a 3±0a 28±5
Shade 23±2b 25±1bc 33±1c 43±3d 0±0a 1±0a 1±0a 1±0a 31±2b 1±0a 1±0a 16±3
fold change 0.4 0.54 0.65 0.87 0.23 1.02 0.26 0.33 0.6 0.57 0.3 0.57
Control 3±0a 1±0a 2±0a 3±0a 3±1a 3±0a 35±1b 36±3b 2±0a 3±0a 35±2b 10±3
Shade 1±0a 1±0a 1±0a 2±0a 1±0a 2±0a 15±1b 18±1b 1±0a 1±0a 17±1b 5±1
fold change 0.44 0.74 0.55 0.92 0.35 0.56 0.43 0.51 0.62 0.44 0.47 0.5
Control 6±1ab 16±1bc 2±0a 25±1c 46±3d 145±4e 20±3c 20±3c 11±3a 103±20b 20±2a 37±9
Shade 3±1a 5±1ab 0±0a 13±1b 22±2c 52±3d 9±0ab 5±0a 6±2a 35±6b 7±1a 14±3
fold change 0.55 0.32 0.22 0.53 0.48 0.36 0.45 0.24 0.5 0.34 0.34 0.38
Control 67±2ab 66±4ab 55±2a 78±4b 51±4a 152±6c 58±4ab 59±7ab 67±3a 101±23a 58±4a 73±6
Shade 28±3a 33±2a 35±2a 59±5b 26±2a 54±4b 25±2a 24±2a 38±4a 40±7a 24±1a 35±3
fold change 0.41 0.5 0.62 0.75 0.5 0.36 0.43 0.41 0.58 0.4 0.42 0.48
Control 5.1±0.2ab 4.8±0.4ab 4.2±0.5ab 5.2±0.3ab 5.3±0.7ab 3.5±0.3a 5.8±0.5b 4.4±0.5ab 4.8±0.2a 4.4±0.5a 5±0.4a 4.8±0.2
Shade 2.3±0.4ab 1.7±0.1a 3.7±0.3b 3.3±0.1b 1.8±0.2a 2.5±0.3ab 2.2±0.1ab 2.8±0.5ab 2.8±0.3a 2.2±0.2a 2.5±0.3a 2.5±0.2
fold change 0.46 0.36 0.88 0.63 0.33 0.73 0.38 0.63 0.58 0.49 0.5 0.53

























































P. antidotale C. ciliaris S. bicolor Z. mays P. maximum C. gayana P. coloratum L. fusca NADP-ME PEP-CK NAD-ME C4
Control 418±11ab 426±10ab 390±28ab 386±8ab 412±27ab 410±29ab 468±18b 338±13a 406±9a 411±18a 394±28a 404±9
Shade 299±10ab 242±14a 434±23c 336±37ac 342±12ac 424±11bc 342±56ac 290±7a 336±23a 383±20a 316±28a 343±15
fold change 0.71 0.57 1.11 0.87 0.83 1.04 0.73 0.86 0.83 0.93 0.8 0.85
Control 98±5ab 102±3ab 94±7a 92±2ab 109±5ab 125±10b 104±11ab 85±4a 97±3a 116±6b 93±6a 100±3
Shade 79±5ab 59±4a 115±7bc 81±12ab 103±5ac 140±5c 93±19ab 81±3ab 86±7a 121±9a 87±9a 95±5
fold change 0.8 0.57 1.23 0.88 0.94 1.12 0.89 0.96 0.89 1.05 0.93 0.94
Chlorophyll a/b Control 4.3±0.1bc 4.2±0.1bc 4.2±0bc 4.2±0.2bc 3.8±0.1ab 3.3±0.1a 4.6±0.3c 4±0.1bc 4.2±0b 3.6±0.1a 4.2±0.2b 4.1±0.1
Shade 3.8±0.1bc 4.1±0c 3.8±0.1bc 4.2±0.2c 3.3±0ab 3±0a 3.8±0.3bc 3.6±0.1ac 4±0.1b 3.2±0.1a 3.7±0.1b 3.7±0.1
fold change 0.89 0.99 0.91 0.99 0.88 0.93 0.83 0.9 0.94 0.89 0.87 0.91
Control 517±16ab 528±11ab 484±35ab 478±7ab 521±32ab 535±39ab 571±27b 423±17a 503±12a 527±23a 487±33a 505±11
Shade 377±15a 300±12a 549±30b 417±49ab 444±17ab 564±16b 435±75ab 372±11a 413±29a 504±29a 403±37a 432±20
fold change 0.73 0.57 1.14 0.87 0.85 1.05 0.76 0.88 0.82 0.96 0.83 0.86
Subtype





























5.1  Background 
The CO2 concentrating mechanism (CCM) in C4 photosynthesis is achieved by a series of 
anatomical and biochemical adaptations which allow the operation of two photosynthetic 
cycles, C4 and C3, across the outer mesophyll (MC) and inner bundle-sheath cells (BSC) 
to saturate Rubisco by CO2 in the BSC. The BSC walls are not completely impermeable 
to CO2, and some CO2 leaks out into the surrounding MC. This leaked CO2 costs 
additional ATP that are required for the phosphorylation of phosphoenolpyruvate (PEP) 
in the MC. Therefore, leakiness (ϕ), defined as the rate of CO2 leakage out of the BSC 
into the MC as a fraction of the rate of PEP carboxylation (Vp) is an important measure of 
CCM efficiency and coordination. Leakiness is determined by the bundle-sheath 
conductance and CO2 gradient between MC and BSC which in turns depend on PEPC and 
Rubisco activity. The CCM endows C4 plants with high CO2 assimilation rate and high 
light saturation which in turn lead to an agricultural and ecological importance that is 
disproportionately high relative to their small taxonomic representation. C4 
photosynthesis has been traditionally grouped into three classical subtypes based on the 
major C4 acid decarboxylation step in the BSC. NADP malic enzyme (NADP-ME), NAD-
malic enzyme (NAD-ME), and PEP carboxykinase (PEP-CK). Each subtype is 
distinguished by anatomical and biochemical features.  
 
Temperature is a key environmental factor for the regulation of enzyme activity while 
light is the source of energy driving photosynthetic reactions. Consequently, both 
temperature and light can influence CCM regulation by various means. Most of the earlier 
studies focused on phenomenological responses to short- and long-term changes in 
temperature and light among C3 and C4 species and/or on a few C4 species without 
considering underpinning mechanisms and potential differences among C4 grasses with 
different subtypes and phylogenetic groups. Therefore, detailed understanding about 
factors determining leakiness (ϕ) and response of ϕ to short- and long-term changes in the 
environment (shade and temperature) in the various biochemical subtypes of C4 





5.2 Thesis aim and objectives 
The overall aim of this PhD project was to compare the CCM coordination of a diverse 
range of C4 grasses belonging to different biochemical subtypes (NADP-ME, PEP-CK, 
NAD-ME) and the major C4 grass clades (Andopogneae, Chloridoideae and Paniceae) 
under high temperature (warming) and low light (shade). Specific objectives of my PhD 
thesis were to: 
(i) investigate the effect of C4/C3 cycle carboxylase activity (in vivo and in vitro) on 
leakiness in C4 grasses with different biochemical subtypes; 
(ii) determine the relationship between in vivo and in vitro carboxylase activity; and 
(iii) study short-term responses and long-term acclimation to high temperature and 
shade in C4 grasses with different biochemical subtypes. 
 
5.3  Summary of experimental chapters 
5.3.1 Chapter 2 
Previous work has shown that CO2 assimilation rates of C4 plants is highly responsive to 
short-term increases in leaf temperature. However, such thermal dependency is not 
incorporated into the C4 model. In addition, potential differences in the thermal response 
of photosynthesis among C4 grasses with different biochemical subtypes and phylogenetic 
groups are still not well explored. Furthermore, differences in the thermal dependency and 
relationship between in vivo and in vitro measures of C4 and C3 carboxylases are not 
established for the various C4 groups. Chapter 2 aimed at elucidating the thermal 
photosynthetic responses by comparing in vivo and in vitro measures of C4 and C3 cycle 
activity as well as the thermal sensitivity of CCM coordination as measured by leakiness, 
and at deriving constants for thermal dependency reflecting variations among C4 species 
and subtypes and that can be incorporated in the C4 photosynthesis model (Chapter 2). 
This study demonstrated that thermal photosynthetic responses varied among the C4 
grasses but not between the C4 subtypes. Key results concluded that leakiness is 
unrelated to the corresponding ratio of C4/C3 (in vivo and in vitro) carboxylase activity. 
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5.3.2 Chapter 3 
C4 photosynthesis evolved under high photorespiratory environments (depleted 
atmospheric CO2 and high temperature) to overcome the inefficiencies of the ancestral C3 
photosynthetic pathway. However, most of the physiological comparisons of C4 grasses 
were undertaken under low temperature, which does not reflect the environment under 
which C4 grasses are more favoured. A few published studies investigated the mechanisms 
underpinning acclimation to high temperature in C4 species. However, these studies did 
not incorporate the biochemical and phylogenetic diversity existing among C4 grasses. 
Furthermore, the influence of thermal acclimation on the relationship between in vivo and 
in vitro measures of C4 and C3 carboxylases in diverse C4 grasses remained unanswered. 
The aim of this study was to investigate and compare the underlying mechanism of 
photosynthetic acclimation to high temperature and determine whether these responses 
influence biomass production and resource use efficiency in C4 grasses with different 
biochemical subtypes and phylogenetic origins (Chapter 3). This chapter concluded that 
stronger photosynthetic acclimation in NADP-ME species was underpinned by a higher 
reduction of C3 and C4 cycle enzyme activity as corroborated by both in vivo and in vitro 
measures. Warming increased photosynthetic nitrogen use efficiency (PNUE) to a greater 
extent in NAD-ME species (51%) relative to the other two subtypes (22-29%) as a result 
of increased Rubisco activation. This was in line with the greater increase in total plant 
dry mass for NAD-ME (6.2-fold) relative to NADP-ME (1.5-fold) and PEP-CK (1-fold) 
species at warm temperature. 
5.3.3 Chapter 4 
Using a limited number of C4 species, past studies revealed down-regulation of CCM 
activity in response to short-term (NAD-ME and NADP-ME species) and long-term 
(NADP-ME species) low light environments. However, these studies did not account for 
the phylogenetic diversity among C4 grasses and overlooked quantum yield and dry matter 
C isotope discrimination as indicators of CCM coordination. In addition, the influence of 
low-light acclimation on the relationship between in vivo and in vitro measures of C4 and 
C3 carboxylases in C4 grasses with different subtypes are yet to be answered. This study 
aimed at elucidating the photosynthetic mechanisms, including changes in photosynthetic 
enzyme activities and activation and CCM coordination as measured by leakiness and 
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quantum yield, underling low light (16% sunlight) acclimation in C4 grasses with different 
biochemical subtypes and phylogenetic origins (Chapter 4). Short-term low light and 
long-term shade compromised CCM efficiency to a greater extent in NAD-ME and 
PEP-CK species relative to NADP-ME species. Shade induced larger photosynthetic 
down-regulation in NAD-ME relative to NADP-ME and PEP-CK species. Consequently, 
shade treatment reduced plant biomass to a greater extent in NAD-ME (95%) and PEP-
CK (92%) relative to NADP-ME (81%) grasses. In conclusion, the NADP-ME subtype is 
most efficient at low light, largely due to effective coordination of the C4 and C3 cycles. 
 
5.4 Overall thesis conclusions 
5.4.1 In vivo and in vitro ratios of maximal C4/C3 carboxylase activity do not 
correlate with leakiness (ϕ) 
Leakiness (ϕ) is defined as the rate of CO2 leakage out of BSC into the MC as a fraction 
of the rate of PEP carboxylation (Vp). Hence, leakiness is determined by the BSC 
conductance to CO2 (gbs) as well as the CO2 gradient between the MC and BSC which 
depends on the balance between the activity of the C4 (e.g., PEPC) and C3 (e.g., Rubisco) 
cycles (Farquhar, 1983; Caemmerer, 2000). Leakiness (ϕ) cannot be measured directly but 
widely estimated using on line carbon isotope discrimination as given by (Farquhar, 
1983). Recently, temperature and light dependency was incorporated in the estimation of 
leakiness (Farquhar and Cernusak, 2012; Ubierna et al., 2013; von Caemmerer et al., 
2014). 
In both, Chapter 2 and Chapter 4, leakiness (ϕ) was neither correlated to the ratio of PEPC 
to Rubisco activities nor to the ratio of IS to CSR (Chapter 2) or Vpmax/Vcmax (Chapter 4) 
(Figure 5.1). This can be explained by: 
a) Involvement of physical factors in CCM coordination 
Besides biochemical components, CCM during C4 photosynthesis is coordinated by 
anatomic properties of MC and BSC compartments. These anatomic factors vary among 
the C4 species and/or subtypes. For instance, variations in BSC membrane properties in 
terms of presence/absence of suberin lamella (Hatch, 1987); surface area of BSC relative 
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to leaf surface area (Sb) (von Caemmerer and Furbank, 2003; Barbour et al., 2016); and 
mesophyll conductance (gm) (Barbour et al., 2016) have been reported among the C4 
species. Presently, the response of these physical component to environmental changes 
(short-term or long term) is not well studied in C4 plants, however, in C3 species, such 
physical components demonstrated diverse short-term responses to temperature (Evans 
and von Caemmerer, 2013; von Caemmerer and Evans, 2015). Further, environmental 
acclimation of such physical components cannot be ignored. Recent modelling exercises 
by (Kromdijk et al., 2010; Bellasio and Griffiths, 2014a) demonstrated acclimation of 
bundle sheath conductance (gbs) to low light in C4 species. Therefore, my study highlights 
the need to consider the involvement of physical components determining leakiness. 
b) Consideration of in vivo C3 and C4 cycle activity at steady state 
In this thesis, leakiness (ϕ) was estimated using on line carbon isotope discrimination with 
a steady state gas exchange system whereas both in vivo and in vitro measures of C4 and 
C3 carboxylases were measured/estimated at their maxima. Other biochemical regulation 
may co-limit in vivo measures of C4 and C3 carboxylases at steady state. For example, 
PEPC activity can be limited by metabolite pools (Doncaster and Leegood, 1987; Leegood 
and von Caemmerer, 1989); phosphorylation state (Li et al., 2010); substrate availably 
which is co-limited by carbonic anhydrase (under low CO2) (Studer et al., 2014). 
Similarly, Rubisco activity can be limited by its in vivo activation state (Crafts-Brandner 
and Salvucci, 2002; Hendrickson et al., 2008). Thus, consideration of in vivo steady state 
rates of carboxylases is important to understand the relationship between C4/C3 cycle 






Figure 5.1: Relationship between leakiness and ratios of in vivo and in vitro measures for C4/C3 
carboxylases in C4 grasses with different biochemical subtypes. 
Relationship between leakiness and ratio of in vitro or in vivo measures of C4 and C3 cycle carboxylases in 
C4-NADP-ME (circle), C4-PEP-CK (squares) and C4-NAD-ME (triangles) grasses. A-B: grasses were 
grown at ambient environment and parameters were measured in response to short-term increases in 
temperature (leaf/assay) from 18 (blue), 25 (black), 34 (green) and 40oC (red) at 1800 μmol m-2s-1 and 
ambient [CO2] (leaf). C-D: grasses were grown under full sunlight (blue) or shade (16% sunlight) (red) 
environments and parameters were measured at 28oC, PAR of 2000 μmol m-2 s-1 and ambient [CO2] (leaf) 
and assay at 25oC.  
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5.4.2 In vivo and in vitro measures of C3 and C4 carboxylases are not correlated 
According to the C4 photosynthesis model, the initial slope of the ACi curve (IS) and CO2 
saturated rate (CSR) depend, among other factors, on the maximal PEPC (Vpmax) and 
Rubisco (Vcmax) activity, respectively (von Caemmerer, 2000). Hence, IS and CSR may 
be considered as in vivo measures of C4 and C3 cycle activity. In vitro activities of C4 and 
C3 cycle carboxylases were estimated using biochemical assays of PEPC and Rubisco, 
respectively. These in vivo and in vitro measures of C3 and C4 carboxylases were not 
correlated in this thesis (Figure 5.2). During in vitro measurements, enzymes were fully 
active with saturating substrate concentration.  
However, enzyme activation state and substrate availability may limit maximal in vivo 
estimation of carboxylases activity. Earlier studies reported reduced Rubisco activation 
state above the supra-optimal temperature (Crafts-Brandner and Salvucci, 2002; 
Hendrickson et al., 2008). In addition to Rubisco activity, CSR is dependent on numerous 
other limitations, including RuBP regeneration, PEP regeneration and Pi regeneration (von 
Caemmerer and Furbank, 1999; von Caemmerer, 2000). 
5.4.3 Contrasting response of short-term low light and high temperature on C4 
photosynthesis 
Short-term response ratios of temperature (25 and 34 oC) and light (2000 and 250 µmol 
m-2 s-1) for CO2 assimilation rate (A), stomatal conductance (gs), Ci/Ca photosynthetic 
water use efficiency (PWUE) and online carbon isotope discrimination (∆) in C4 grasses 
with different biochemical subtypes were compared (Figure 5.3). Increased leaf 
temperature enhanced both A and gs by 25% and 75%, respectively while low-light 
reduced both A and gs equally by 70% across the three C4 subtype. Due to suppressed 
photorespiration by compartmentalization of Rubisco into BSC with near-saturating 
[CO2], pronounced response of C4 photosynthesis to rising leaf temperature had been 
reported by several earlier studies (Sage et al., 2010). Comparable reduction in A under 
low light has also been reported for C4 photosynthesis in earlier studies (Tazoe et al., 2006; 
Kromdijk et al., 2010; Ubierna et al., 2013; Bellasio and Griffiths, 2014b). However, my 
PhD research compared C4 grasses from three biochemical subtypes in response to both 





Figure 5.2: Relationship between in vivo and in vitro measures of C4 and C3 cycle carboxylases in C4 
grasses with different biochemical subtypes. 
Relationship between in vivo and in vitro measures of the activity of C4 and C3 cycle carboxylases in C4-
NADP-ME (circle), C4-PEP-CK (squares) and C4-NAD-ME (triangles) grasses. Grasses were grown at 
ambient environment and parameters were measured in response to short-term increases in temperature 
(leaf/assay) from 18 (blue), 25 (black), 34 (green) to 40oC (red) at 1800 μmol m-2 s-1 and ambient [CO2] 
(leaf) (A, D and G). Grasses grown at cool (24oC-blue) and warm (34oC-red) air temperature (C, E and H) 
and parameters were measured at 25oC (leaf/assay), PAR of 2000 μmol quanta m-2 s-1 and ambient [CO2]. 
Grasses were grown under full sunlight (blue) or shade (16% sunlight) (C, F and I) and parameters were 





Figure 5.3: Short-term sensitivity to high temperature and low light of physiological parameters in 
C4 grasses with different biochemical subtypes. 
Short-term responses to high temperature (25 to 34 oC) and low-light (2000 to 250 1800 μmol m-2 s-1 PPFD) 
expressed as a response ratio relative to the control of CO2 assimilation rates (A), stomatal conductance (gs), 
ratio of intercellular to ambient CO2 (Ci/Ca), photosynthetic water use efficiency (PWUE) and online carbon 
isotope discrimination (∆) in C4 grasses with different biochemical subtypes. Parameters were measured at 
ambient [CO2]. 
 
Response ratios of Ci/Ca and PWUE were similar for most of the treatments, except under 
short-term temperature, where the average response ratio of Ci/Ca tended to be lower for 
the NAD-ME subtype. On-line carbon isotope discrimination (∆) was unchanged with 
short-term increases in leaf temperature while leakiness (ϕ) decreased marginally. Such 
decrease in ϕ with increased leaf temperature was observed in NADP-ME C. ciliaris 
species (von Caemmerer et al., 2014). In the short-term, low light increased ∆ in the C4 
grasses; the response ratio of ∆ tended to be lower for NADP-ME than other species. This 
increased ∆ may arise due to Rd and photorespiration (Ubierna et al., 2013; Ubierna and 
Farquhar, 2014), hence updated model was used to calculate ϕ. Accordingly, impairment 
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of CCM coordination (greater in situ overall reduction in C3 relative to C4 cycle activity) 
at low light as probed by increased leakiness (ϕ) was observed in most of the C4 grasses 
except for P. antidotale and P. coloratum. In summary, short-term increase in the leaf 
temperature enhanced A without impacting CCM coordination while short-term low light 
reduced A with impaired CCM coordination in most of the C4 grasses. 
5.4.4 Growth responses and acclimation under high temperature and shade in 
three biochemical subtypes of C4 photosynthesis. 
There is only one study (Dwyer et al., 2007) comparing high temperature acclimation 
response in C4 plants with different subtypes using monocot and dicot species, while no 
studies compared photosynthetic acclimation to shade between the various C4 subtypes. 
Only one study compared dry matter C isotope composition among C4 grasses under shade 
treatment (Buchmann et al., 1996a). 
a) Growth responses: High temperature favoured NAD-ME while shade impaired 
NAD-ME species 
When measured at growth temperature, and in agreement with the earlier studies (Pearcy, 
1977; Dwyer et al., 2007), high growth temperature enhanced A and gs in all the three C4 
subtypes (10-50%), however, this increment was higher in NAD-ME relative to the other 
two C4 subtypes (Figure 5.4). Contrary, shade reduced A and gs greatly (3-folds) in all the 
three C4 subtype. Further, high temperature increased dark respiration (Rd) greatly (0.7-2 
folds) while shade reduced Rd slightly (0.2-0.4 folds). Both treatments exhibited 
contrasting effect on LMA; shade decreased LMA while warming increased LMA to a 
smaller extent. These observations are inconsistent with the earlier speculations about low 
phenotypic plasticity in C4 photosynthesis (Sage and McKown, 2006). Furthermore, CCM 
coordination was unaffected by temperature while it was impaired in NAD-ME and PEP-
CK species under shade as probed by dry matter delta (∆DM). This observation provides 
physiological mechanism to explain biogeographic distribution of C4 grasses in warm 
environment and specially for NAD-ME species in more open habitat relative to NADP-
ME species (Hattersley, 1983), and success of big canopy forming crops like maize, 




Figure 5.4: Responses to growth at high temperature and shade of physiological parameters in C4 
grasses with different biochemical subtypes. 
Effects of long-term warming and shade expressed as a response ratios of CO2 assimilation rates (A), 
stomatal conductance (gs), ratio of intercellular to ambient CO2 (Ci/Ca), dark respiration (Rd), photosynthetic 
water use efficiency (PWUE), photosynthetic nitrogen use efficiency (PNUE), leaf mass per area (LMA) 
and dry matter carbon isotope discrimination (∆DM) for C4 grasses grown under cool and warm air 
temperature (25/34 oC ) and control (full sunlight) and shade (16% sunlight) environments. Parameters were 
measured at growth temperature or light at ambient [CO2]. 
 
b) Acclimation responses: NADP-ME acclimated greatly under high temperature 
while NAD-ME acclimated profoundly under shade 
Differential acclimation responses and mechanisms were observed among the C4 grasses 
to warming and shade treatments (Figure 5.5). NADP-ME and NAD-ME species 
acclimated to a greater extent relative to other two species under warming and shade 
treatment, respectively. Under warming, the stronger photosynthetic acclimation in 
NADP-ME species (21%) was underpinned by a higher reduction of C3 and C4 cycle 
activity as corroborated by in vivo and in vitro measures of C3 and C4 carboxylases. 
Whereas, higher photosynthetic acclimation in NAD-ME species (65%) under shade 
treatment was underpinned by a greater reduction in Rubisco activity relative to PEPC 
than other two C4 subtypes. Further, NAD-ME species showed higher and lower 
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%Rubisco activation under warming and shade treatments, respectively. Accordingly, 
NAD-ME species exhibited higher and lower PNUE under warming and shade treatments, 




Figure 5.5: High temperature and shade acclimation of physiological parameters in C4 grasses with 
different biochemical subtypes. 
High temperature and shade acclimation expressed as a response ratio of CO2 assimilation rates (A), stomatal 
conductance (gs), ratio of intercellular to ambient CO2 (Ci/Ca), photosynthetic water use efficiency (PWUE), 
photosynthetic nitrogen use efficiency (PNUE), in vivo PEPC and Rubisco activity (Vpmax and Vcmax), 
Rubisco sites, Rubisco activation, Rubisco activity, PEPC activity and Decarboxylases activity (DCs) for 
C4 grasses grown under cool and warm air temperature (25/34 oC ) and control (full sunlight) and shade 




5.4.5 Subtype differences 
In order to examine overall associations of the measured physiological and biochemical 
parameters among the three biochemical subtypes of C4 photosynthesis a redundancy 
analysis (RDA) was undertaken on grasses grown under ambient growth environment 
(Figure 5.6). The first two canonical axes explained variations of about 35 and 15%, 
respectively. Accordingly, it was revealed that leaf Narea and total dry mass were clearly 
associated with NAD-ME and PEP-CK species while activity of PEPC and decarboxylase 
enzymes was associated with NADP-ME species. In addition, PNUE was negatively 
related with NAD-ME species. Past work undertaken under ambient growth environment 
observed higher leaf Narea in NAD-ME grasses relative to other C4 subtypes (Pinto et al., 
2015). NADP-ME grasses possess a superior PNUE relative to NAD-ME counterparts 
(Bowman, 1991; Taub, 2000; Ghannoum et al., 2005). These differences were due to lower 
leaf [N] and higher Rubisco turnover rate kcat) in NADP-ME relative to NAD-ME grasses 
(Ghannoum et al., 2005). In line with previous findings, current data support that higher leaf 




Figure 5.6: RDA for leaf level parameters of C4 grasses with different biochemical subtypes grown 
and measured at ambient conditions. 
Redundancy analysis (RDA) using commonly measured leaf traits in chapters 3 and 4 grown at ambient 
growth environment. A- CO2 assimilation rates, B- Stomatal conductance, C- Ci/Ca, D-Photosynthetic water 
use efficiency(PWUE), E- Photosynthetic nitrogen use efficiency (PNUE), F- In vivo Rubisco activity 
(Vcmax), G- In vivo PEPC activity (Vpmax), H- Leaf N[mass], I- Leaf N[area], J- Leaf mass per area (LMA), K- 
Total dry mass, L- Rubisco activity, M- Rubisco sites, N- PEPC activity, O- Decarboxylases activity and P- 




5.5 Future research 
Finally, three areas of research were identified as possible follow-up for work undertaken 
during my PhD project: 
 Results reported in Chapter 2 and 4 suggested that neither ratios of in vivo or in 
vitro PEPC to Rubisco activity were related to leakiness (ϕ). Hence, it is important 
to investigate what other biochemical and physical factors determines leakiness 
(ϕ). 
 Findings in chapter 3 highlighted the need to undertake more detailed research to 
study the mechanisms underpinning thr differential stomatal acclimation in NAD-
ME species. 
 Findings in Chapter 3 and Chapter 4 indicated that Rubisco activation differed 
according to subtype and treatment. Therefore, further work is required to 
elucidate the mechanisms underlying differences in the Rubisco activation status 
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